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Abstract 
Interfacial Engineering and Charge Carrier Dynamics in Extremely Thin Absorber Solar Cells 
 
Michael Edley 
Jason B. Baxter, Ph.D. 
 
 
Photovoltaic energy is a clean and renewable source of electricity; however, it faces resistance to 
widespread use due to cost. Nanostructuring decouples constraints related to light absorption and charge 
separation, potentially reducing cost by allowing a wider variety of processing techniques and materials to 
be used. However, the large interfacial areas also cause an increased dark current which negatively affects 
cell efficiency. This work focuses on extremely thin absorber (ETA) solar cells that used a ZnO nanowire 
array as a scaffold for an extremely thin CdSe absorber layer. Photoexcited electrons generated in the CdSe 
absorber are transferred to the ZnO layer, while photogenerated holes are transferred to the liquid 
electrolyte. The transfer of photoexcited carriers to their transport layer competes with bulk recombination 
in the absorber layer.  After charge separation, transport of charge carriers to their respective contacts must 
occur faster than interfacial recombination for efficient collection. Charge separation and collection depend 
sensitively on the dimensions of the materials as well as their interfaces. We demonstrated that an optimal 
absorber thickness can balance light absorption and charge separation. By treating the ZnO/CdSe interface 
with a CdS buffer layer, we were able to improve the Voc and fill factor, increasing the ETA cell's 
efficiency from 0.53% to 1.34%, which is higher than that achievable using planar films of the same 
material.  
We have gained additional insight into designing ETA cells through the use of dynamic 
measurements. Ultrafast transient absorption spectroscopy revealed that characteristic times for electron 
injection from CdSe to ZnO are less than 1 ps. Electron injection is rapid compared to the 2 ns bulk lifetime 
in CdSe. Optoelectronic measurements such as transient photocurrent/photovoltage and electrochemical 
impedance spectroscopy were applied to study the processes of charge transport and interfacial 
recombination. With these techniques, the extension of the depletion layer from CdSe into ZnO was 
determined to be vital to suppression of interfacial recombination. However, depletion of the ZnO also 
  
restricted the effective diffusion core for electrons and slowed their transport. Thus, materials and 
geometries should be chosen to allow for a depletion layer that suppresses interfacial recombination 
without impeding electron transport to the point that it is detrimental to cell performance.  
 Thin film solar cells are another promising technology that can reduce costs by relaxing material 
processing requirements.  CuInxGa(1-x)Se (CIGS) is a well studied thin film solar cell material that has 
achieved good efficiencies of 22.6%. However, use of rare elements raise concerns over the use of CIGS 
for global power production. CuSbS2 shares chemistry with CuInSe2 and also presents desirable properties 
for thin film absorbers such as optimal band gap (1.5 eV), high absorption coefficient, and Earth-abundant 
and non-toxic elements. Despite the promise of CuSbS2, direct characterization of the material for solar cell 
application is scarce in the literature.  CuSbS2 nanoplates were synthesized by a colloidal hot-injection 
method at 220 °C in oleylamine. The CuSbS2 platelets synthesized for 30 minutes had dimensions of 300 
nm by 400 nm with a thickness of 50 nm and were capped with the insulating oleylamine synthesis ligand. 
The oleylamine synthesis ligand provides control over nanocrystal growth but is detrimental to intercrystal 
charge transport that is necessary for optoelectronic device applications. Solid-state and solution phase 
ligand exchange of oleylamine with S
2-
 were used to fabricate mesoporous films of CuSbS2 nanoplates for 
application in solar cells. Exchange of the synthesis ligand with S
2-
 resulted in a two order of magnitude 
increase in 4-point probe conductivity. Photoexcited carrier lifetimes of 1.4 ns were measured by time-
resolved terahertz spectroscopy, indicating potential for CuSbS2 as a solar cell absorber material. 
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Chapter 1. Introduction 
The current world power demand is around 18 terawatts (TW),
1
 and is expected to increase to 30 
TW by the year 2050. The majority of energy produced today is derived from combustion of non-
renewable fossil fuels that contribute to global warming through emission of gasses such as CO2. To 
stabilize CO2 levels and meet world power demand by 2050 requires 10 TW of carbon-free energy 
production.
2
  The solution will likely depend on a combination of different carbon-free energy sources. 
However, the sun is by far the largest source of renewable energy supplying 120,000 TW of power.
3
  
1.1. Solar Photovoltaic Energy 
Solar photovoltaic is a clean and renewable way to directly generate electricity from the large 
power supplied to the Earth by the sun. Photovoltaic cells consist of semiconducting materials which have a 
characteristic energy gap, named the band gap (Eg), between the valence band (VB) and the conduction 
band (CB). Incident light of sufficient energy (larger than Eg) is absorbed, promoting electrons from the 
VB to the CB leaving behind holes. Photoexcited charges in a semiconductor will remain excited for a 
characteristic time, named the lifetime. After the lifetime has passed the electrons and holes will recombine 
back to the ground state. However, if there is some asymmetry to separate electrons and holes before they 
recombine they can be collected as electricity. Traditional solar cells are designed around utilizing an n-
type and p-type semiconductor to form a pn junction to provide the required asymmetry.  
1.1.1. Traditional PN Junction Solar Cells 
A planar pn junction solar cell, shown in Figure 1-1 relies on three fundamental processes to 
convert incident light into collected electricity. First, incident light of sufficient energy is absorbed 
generating photoexcited electrons and holes. After light absorption, minority carriers must diffuse to the pn 
junction where they are separated to their majority semiconducting material then, finally, are transported to 
their respective electrode to be collected. Light absorption and minority carrier diffusion impose constraints 
on the absorber thickness, W. 
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Figure 1-1 Planar pn junction solar cell with an n-type emitter layer and p-type absorber layer. Fundamental processes 
for solar energy conversion shown are (1) light absorption, (2) minority carrier diffusion to the junction for charge 
separation, and (3) majority carrier transport to electrodes for charge collection. 
 
 
Light absorption in a semiconductor is governed by the Beer-Lambert Law, given below: 
             
       
where     the wavelength dependent absorption coefficient, x is the optical path length, and I0 is the initial 
light intensity. The Beer-Lambert law gives a lower bound on absorber thickness for planar solar cells. For 
a semiconductor to absorb 1/e of the incident light the semiconductor must be of thickness, W > 
1/While the Beer-Lambert law gives a lower bound on absorber thickness, the collection length Lc, 
imposes an upper bound.  
Lc is defined as the sum of the minority carrier diffusion length and the depletion width, giving the 
maximum length a charge can travel and still be collected. The diffusion length, LD is determined by the 
carrier mobility, μ, and lifetime, τ, by the equation below:  
  
3 
  
      √ 
   
 
  
where kB is the Boltzmann constant, T is the absolute temperature, and q is the charge of an electron. Thus, 
the diffusion length can be increased by increasing carrier lifetime or mobility. At equilibrium the 
differences in electron and hole concentrations between n-type and p-type layers cause diffusion until the 
Fermi-levels are equated. After diffusion the carriers recombine and remaining ions cause an electric field 
in the region that is void of mobile charge carriers termed the depletion region. The depletion region 
quickly separates minority carriers to their respective majority semiconducting device, thus increasing 
collection length. For efficient charge collection in a planar solar cell the absorber thickness must be chosen 
so that 1/W>Lc.  
 The most commonly used material for pn junction solar cells is crystalline silicon. Crystalline 
silicon(c-Si) has an indirect band gap causing it to have a relatively low absorption coefficient. Due to the 
indirect band gap and weak light absorption the lower bound on absorber thickness is large, typically ~ 
200-500 microns is used in commercial c-Si. To achieve diffusion lengths that are comparable with this 
large thickness silicon solar cells must be extremely pure and are processed with high temperature methods. 
The large energy input for these methods directly influences the price of traditional silicon solar cells. The 
next generation of solar cells, Thin Film solar cells, utilize direct band gap materials with larger absorption 
coefficients than silicon such as CdTe. The thin absorber thickness in these materials allows for processing 
techniques that would create materials with diffusion lengths too small for c-Si cells. Third generation solar 
cells include nanostructured architectures as found in Extremely Thin Absorber (ETA) solar cells. ETA 
cells use even thinner absorber thicknesses (10-50 nm) than thin film solar cells allowing for new 
processing routes and material choices that would not be possible in planar geometries.  
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1.2. Extremely Thin Absorber Solar Cells 
1.2.1. The ETA cell concept 
 
 
Figure 1-2 Schematic of an ETA cell using CdSe-coated ZnO nanowires that are infiltrated with a liquid ferri(o)cyanide 
electrolyte.  
 
ETA cells use an extremely thin semiconductor absorber coating on a mesoporous n-type scaffold 
and a pore filling p-type material or liquid electrolyte. The nanostructured geometry decouples the direction 
of light absorption and charge separation. The increased surface area due to the nanostructured scaffold 
creates a large absorber volume that allows for high LHE compared to planar cells with the same absorber 
thickness. With such a thin absorber (10-50 nm) ETA cells can achieve efficient charge separation even for 
materials with low mobilities and lifetimes. The relaxation of required material quality allows for ETA 
cells to be processed by cheap solution based techniques. Figure 1-2 shows an ETA cell schematic using a 
ZnO nanowire array as a scaffold that is coated with an extremely thin CdSe absorber and infiltrated with a 
hole transporting liquid electrolyte. CdSe has a band gap of 1.7 eV that is near optimal for photovoltaic 
energy conversion as determined by the Shockley-Queisser limit.  
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1.2.2. Literature Summary 
ETA cells began to gain significant interest from researchers in the early 2000s, however one of 
the earliest studies was reported in 1998. Tennakone and co-workers fabricated ETA cells out of TiO2 
nanoparticles coated with a Se absorber layer and infiltrated with a CuSCN hole transport layer. Table 1.1 
Progress of ETA solar cell efficiencies adapted from
4
. (a) 0.13 efficiency reported by efficiency appears to 
be 0.8 from IV curves.shows the progress of “good” efficiency solar cells from 1998 – present and was 
adapted from Hodes and Cahen.
4
   
 
Table 1.1 Progress of ETA solar cell efficiencies adapted from4. (a) 0.13 efficiency reported by efficiency appears to be 
0.8 from IV curves. 
Year Cell Efficiency (%) Comments Ref 
1998 TiO2/Se/CuSCN 0.8
a
 At 0.8 sun 
5
 
2002 TiO2/PbS/Spiro-OMeTAD 0.49 At 0.1 sun 
6
 
2005 ZnO/CdSe/CuSCN 2.3 At 0.3 sun 
7
 
2006 TiO2/CdS/CuSCN 1.3  
8
 
2009 TiO2/Sb2S3/CuSCN 3.4  
9
 
2010 TiO2/Sb2S3/CuSCN 3.7  
10
 
2012 TiO2/Sb2S3/P3HT/PCBM 6.3  
11
 
 
Typically the nanostructured scaffold layer has consisted of ZnO
7,12,13
 or TiO2.
9–11
   Many different metal 
chalcogenides have been employed as absorber layers including CdSe,
7,14
 CdS,
8,15
 In2S3,
16
 Cu2-xS,
17
 and 
Sb2S3.
11
 The highest efficiency ETA cell utilized a TiO2/Sb2S3/P3HT/PCBM to attain a conversion 
efficiency of 6.3%,
11
 while the highest efficiency for CdSe-coated ZnO nanowires was 2.3% using CuSCN 
hole conductor.
7
 Despite significant advances over the past 20 years, the performance of ETA cells is still 
well below theoretical predictions.
18
 Hodes and Cahen note that improvement of ETA cell performance 
requires more fundamental study of the underlying dynamic operating processes.
4
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1.2.1. Charge Carrier Dynamics in ETA cells 
For an ETA solar cell to convert incident photons into collected electricity the photoexcited 
electrons and holes must undergo two pairs of competing processes, shown in Figure 1-3. 
 
 
 
 
 
 
Charge separation of electrons and holes into their respective transport layers competes directly 
with bulk recombination. After charge transfer, charge transport of electrons and holes through their 
respective materials competes with interfacial recombination. These processes are hypothesized to occur on 
varying time scales and thus require different techniques for characterization. 
Charge transfer and bulk recombination in ETA solar cells based on ZnO nanowires are expected 
to occur on the picosecond to nanosecond timescale. Charge transfer is driven by differences in the 
conduction band (valence band) energy levels from absorber to ZnO (electrolyte redox potential) for 
electrons(holes). Bulk recombination is generally determined by the electronic "quality" of absorber 
materials. These process have only been investigated for a couple of ETA cell systems using Sb2S3- or 
CdSe-coated TiO2 with CuSCN hole transport material.
19–22
  Chapter 4 of this thesis investigates charge 
separation in CdSe-coated ZnO ETA cells.  
 
Figure 1-3 Competing charge carrier dynamics in ETA solar cells. (b1) Charge separation of carriers out of 
the absorber layer competes with (b2) bulk recombination. After charge separation, (b2) charge transport 
competes with (b4) interfacial recombination. 
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Charge transport and interfacial recombination in ETA solar cells based on ZnO nanowires are 
expected to occur on the microsecond to millisecond time scale. In ETA solar cells based on nanowires, 
charge transport can be driven by both diffusion and drift.
23
  The contact at the bottom of the ZnO nanowire 
acts as an electron sink causing a concentration gradient that drives electron diffusion down the scaffold. 
Charge transport in ZnO nanowire based dye sensitized solar cells (DSSCs) occurred in 74 μs with 4.5 μm 
long and 150 nm diameter ZnO nanowires with intensity modulated photocurrent spectroscopy (IMPS).
24
  
However, semiconductor-sensitized solar cells have important differences that can affect charge transport 
including the depletion width across the absorber layer that is not present in molecular dye absorbers. Due 
to the large surface areas in ETA cells interfacial recombination is expected to be a dominant 
recombination mechanism.
4
  The competing processes of charge transport and interfacial recombination are 
vital to charge collection in ETA cell and are investigated in Chapter 5. 
1.2.2. What this Thesis Provides to the Research Community 
This thesis provides a comprehensive study of the fundamental dynamic processes in ETA solar 
cells. An understanding of these processes can provide researchers with guidelines for material selection 
and cell geometry of semiconductor sensitized solar cells. 
Chapter 3 investigates optimization of the absorber layer and interfacial engineering to improve 
cell performance. A methodical approach is used to determine the optimum thicknesses of the absorber 
layer, strategy that is useful regardless of absorber material choice. Additionally, the potential benefits of 
interfacial engineering to reduce interfacial recombination are shown by applying a CdS layer between the 
ZnO scaffold and CdSe absorber layer.  
Chapter 4 provides a framework for measuring charge separation in nanowire based ETA solar 
cells. Transient absorption (TA) spectroscopy is shown to be a useful technique for characterization of 
charge separation in ETA cells. The processes of electron injection from CdSe into ZnO and bulk lifetimes 
of photoexcited carriers in the CdSe absorber layer are directly measured. Charge separation is likely 
limited by hole injection in these specific materials. However, a general approach is reported that can be 
used regardless of material choice for characterization of charge separation in semiconductor sensitized 
solar cells. 
  
8 
Chapter 5 focuses on measuring charge transport and interfacial recombination in ETA cells via 
optoelectronic techniques. It was determined that the depletion width plays a vital role both in suppression 
of interfacial recombination and charge transport in ETA solar cells based on nanowires. The results of this 
chapter can be used to guide cell design for semiconductor sensitized solar cells based on nanowire 
scaffolds.  
Chapter 6 focuses on the fabrication and characterization of films of CuSbS2, a promising new 
material for solar cell applications. Two fabrication routes are investigated for creating mesoporous films of 
CuSbS2 nanoplates are investigated based on different ligand exchange strategies. Additionally, these films 
are characterized for solar cell applications. Intracrystal lifetimes of 1.36 ns, indicate promising potential 
for CuSbS2 as a solar cell absorber material.  
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Chapter 2. Experimental Methods 
2.1. ETA Cell Fabrication 
 The ETA cell concept was designed to efficiently collect charge carriers even with absorber 
materials with low carrier lifetimes or mobilities. This allows ETA cells access to cheap, scalable, and 
solution based processing. In this thesis ETA cells were made by all solution based processing techniques. 
These techniques include Chemical Bath Deposition (CBD), Successive Ionic Layer Adsorption (SILAR) 
and Reaction, and Electrodeposition.  
2.1.1. Chemical Bath Deposition 
 Chemical Bath Deposition (CBD) is scalable, solution based technique for deposition of thin film 
semiconductor materials. Chemical precursors are combined in an aqueous media at concentrations near 
saturation. It is desirable to achieve heterogeneous formation of the semiconductor on the substrate surface 
while minimizing homogenous nucleation in solution. Operating at concentrations just near saturation will 
provide insufficient driving force for homogenous nucleation. The lower energy requirement for 
heterogeneous compared to homogenous nucleation allows for formation at the surface at these 
concentrations.  
 In this work, CBD was used to grow ZnO nanowires on a ZnO seed layer as well as CuS and 
Sb2S3 layers which were later annealed into CuSbS2 films. The exact experimental procedures are detailed 
in the experimental section of Chapters 3 and 6. 
2.1.2. Successive Ionic Layer Adsorption and Reaction  
 Successive Ionic Layer Adsorption and Reaction (SILAR) is a solution based, layer by layer 
approach to depositing thin films of semiconductor materials. The substrate is immersed in sequential baths 
of cations and anions. During each immersion an atomic layer of ions adsorbs to the surface where it will 
react with the ion of opposite form the desired semiconductor.  After reaction of the cation and anion the 
compound molecules are formed. It has been proposed that the polycrystalline films form by bi-
dimensional nucleation through surface diffusion of the molecular species.
25
 The deposition rate can be 
determined by measuring the thickness and dividing by the amount of cycles and comparing it to the lattice 
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constant of the material. In theory, SILAR should generate one monolayer per cycle.  However, this is often 
not the case in practice
26
 and a growth rate larger than one monolayer can be the result of homogenous 
nucleation in solution.
27
 This technique allows for great control over the thickness of the semiconductor 
film because it is gradually increased with successive bath immersions. 
 
 SILAR was applied to deposit ultra-thin (5 nm) buffer layers of CdS in this work. The exact 
experimental procedures are detailed in the experimental section of Chapter 3.  
2.1.3. Electrodeposition 
 Electrodeposition is a scalable and efficient deposition technique that uses electrochemical 
reactions to deposit semiconductors from solutions of the corresponding ions.  In this work a 3-electrode 
setup is used with a working electrode (transparent conductive oxide substrate), reference electrode 
(saturated Ag/AgCl), and a counter electrode (Pt-wire). Electrodeposition gives good control over coating 
thickness and deposits only where current can flow making it useful for coating ZnO nanowires without 
entirely filling the pores of the nanostructured array. The amount of deposited semiconductor can be 
controlled by monitoring the amount of charge passed.  
2.2. Steady State Solar Cell Characterization 
 Various steady state techniques were used to characterize solar cells in this work. These methods 
included: I-V characterization, PEC characterization, External Quantum Efficiency (EQE), Light 
Harvesting Efficiency (LHE), and Internal Quantum Efficiency (IQE). 
2.2.1. I-V Curves 
 I-V characterization is used as a method to measure solar cell energy conversion efficiency. I-V 
characterization is performed by measuring the solar cell current over a range of applied biases from short-
circuit toward the flat band potential. I-V curves in this thesis are reported with current density (J) instead 
of current to provide researchers with the active area of the solar cell. In the dark a solar cell acts as a diode 
that has an I-V response given by the equation below.  
     ( 
  
    ) 
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In this equation J is the net current density, J0 is the dark saturation current, q is the charge of an electron, k 
is the Boltzmann constant, and T is the absolute temperature. Under illumination a solar cell produces 
photocurrent which flows in the opposite direction of the dark current.  
 
Figure 2-1 IV curves of an ETA solar cell in the dark and under 1 sun illumination. 
 
In an ideal solar cell the dark IV curve and light IV curve are super positioned by the photocurrent. 
 Key solar cell performance parameters that are extracted from IV curves are, short circuit current 
density (Jsc), open circuit voltage (Voc), fill factor (FF), and efficiency (η). IV curves for an ETA cell in 
both the dark and light are shown in Figure 2-1 IV curves of an ETA solar cell in the dark and under 1 sun 
illumination.. At short circuit all current is collected, thus the maximum current is obtained. As the bias is 
increased toward the flat band potential the reverse current, or dark current, increases until the open circuit 
potential is reached where the dark current equals the photocurrent giving a net current of zero. The 
maximum power (Pmax) a solar cell can generate is measured by the maximum of the current voltage 
product. The solar cell efficiency, η, is calculated by the following equation: 
  
    
             
 
where Pillumination is the power of the incident light. FF is the ratio of the maximum power a solar cell can 
generate compared to the theoretical power. The maximum power (Pmax) is the maximum of the current-
voltage product. The FF is calculated by the following equation:  
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The FF is thus used as a measure of recombination losses in potential power generation of a solar cell.  
2.2.2. Three Electrode PEC Characterization 
 
- 
  
 
Photoelectrochemical cell (PEC) testing is a useful method for characterizing single electrodes of 
a solar cell. It is important to note that PEC testing does not reflect a full solar cell characterization but 
rather just a photoelectrode characterization (photoanode in this work). Thus, the ETA photoanode could be 
quickly and reproducibly tested without a detailed study of counter electrode materials.  
 The differences between 2-electrode and 3-electrode testing are substantial and require further 
discussion. In the 3-electrode setup shown in Figure 2-2 the photoanode voltage is measured against a 
reference electrode (Ag/AgCl) and the current is measured with a counter electrode (Pt). The potentiostat 
applies the desired potential to the working electrode as measured versus the reference potential. Then the 
resulting current of the photoanode is measured while the potentiostat applies voltage independently to the 
counter electrode to complete the circuit. This allows for accurate measurement of the working electrode 
(photoanode) without concerns of polarization in the counter electrode. The electrolyte used in PEC 
Figure 2-2 Photoelectrochemical cell testing schematic used in this thesis. The photoanode is used as the working 
electrode with a Pt-wire counter electrode, an Ag/AgCl reference electrode, and a liquid electrolyte. Light is 
incident on the substrate side of the photoanode through a quartz window. 
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systems should contain a regenerative redox couple which has a redox potential that should be taken as the 
zero on the potential scale. The redox potential of the electrolyte can be determined by the Nernst equation: 
      
  
  
  
   
  
 
where E is the measured potential, E0 is the standard redox potential, n is the number of electrons 
transferred in the redox reaction, R is the gas constant, T is the absolute temperature, F is the Faraday 
constant, and Red/Ox are the concentrations of the reduced and oxidized species. The electrolyte's redox 
potential should be subtracted from the measured potentials to avoid reporting of excessive photovoltages. 
In comparison, a 2-electrode system the desired voltage is applied across the cell but the current cannot be 
adjusted independently at the counter electrode to complete the circuit. 
2.2.3. Light Harvesting Efficiency 
 Light harvesting efficiency (LHE) is the percentage of light absorbed by a solar cell. LHE 
measurements of a known film thickness can be used with the Beer-Lambert law to determine the 
absorption coefficient. With the absorption coefficient a Tauc plot can be generated to estimate the band 
gap of the semiconductor. 
2.2.4. Quantum Efficiencies 
 Quantum efficiencies are used to determine the effectiveness of a solar cell in converting photons 
into collected electrons. The external quantum efficiency (EQE) measures the ratio of incident photons to 
collected electrons. Measuring the EQE at a range of wavelengths across the visible light spectrum gives 
insight into losses in photovoltaic conversion efficiency. With the power of the light at each wavelength 
and the collected current (generally at short circuit) at the same wavelength the number of photons and 
collected electrons can be calculated to yield the EQE using the equations below. 
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Where I is the current, q is the charge of an electron, h is Planck's constant, c is the speed of light, P is the 
incident power of light at the designated wavelength, and λ is the wavelength. The EQE is thus a 
combination of charge collection and light absorption.  
  The internal quantum efficiency (IQE) is the ratio of absorbed photons to collected electrons. IQE 
can be especially insightful on charge collection efficiencies of photoexcited carriers generated from 
different wavelengths. In a planar cell, this information can be combined with the absorption coefficient to 
determine the limiting carrier and if specific interfaces are prone to recombination. For example, if a 
semiconductor has a direct band gap of ~1.5 eV it will absorb all the visible light from 400-800 nm. 
However, it will likely absorb the 400 nm light more strongly than 700 nm light. Thus, 400 nm photons 
will generate photoexcited carriers are the front surface while 700 nm photons generate more carriers near 
the back surface. Thus, the IQE of these two wavelengths will be revealing of recombination at the front 
and back surface. IQE is calculated by the equation below:  
  
     
   
   
 
2.3. Transient Techniques for Solar Cell Characterization 
2.3.1. Ultrafast Transient Absorption Spectroscopy 
  
 
Figure 2-3 (a)Schematic representation of the absorption spectrum for a semiconductor in the dark and after 
photoexcitation (b) Schematic of pump-probe used in transient absorption to measure the difference in absorption 
spectrum shown in (a) as a function of pump-probe delay time. 
  
15 
Ultrafast transient absorption spectroscopy (TA) is a pump probe technique that measures the 
difference in the absorption spectrum of a material before and after photo excitation on picosecond to 
nanosecond timescale, a sketch is shown in Figure 2-3. The difference in the absorption spectrum of the 
excited state is subtracted from that of the ground state, giving the A. The A is proportional to the sum 
of the photoexcited electrons and holes. TA utilizes a pump pulse to promote electrons from the ground 
state to the excited state, followed by a weaker probe pulse at a pump-probe time delay tpp, shown in Figure 
2-3b.  
 
Figure 2-4 3D plot of A for a CdSe film pumped at 400 nm with a power of 0.02 mW. 
 TA measures the A signal as a function of both the delay time and wavelength, shown for a CdSe 
film in Figure 2-4. This allows for the measurement of photoexcited carrier populations as a function of 
energy and time. In Figure 2-4, a bleach is observed at 575 nm and 720 nm. CdSe has a bulk band gap at 
720 nm and a split-off valence band to conduction band transition at 575 nm. The wavelength dependence 
of the A is useful for measuring which energy level photoexcited carriers occupy. At different iso-time 
lines the wavelength dependence can be analyzed to determine which energy levels carriers move to in 
time. To measure the carrier lifetime, the time-dependence can be analyzed at an iso-wavelength line, 
typically at the bulk band gap transition. 
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2.3.2. Transient Photocurrent Decay 
  
 
Figure 2-5 Experimental setup for TPC measurements in a 3-electrode configuration. The cell is under stead state white 
light illumination that is perturbed by a 658 nm laser modulated with a square wave function by a function generator. 
The amplitude of the wave is set to change by photocurrent by 10% of the steady state value. A potentiostat holds the 
photoanode at short circuit as measured against a reference electrode while the current is monitored and the circuit is 
completed with a counter electrode. The photocurrent as measured by the potentiostat is converted to a voltage by an 
amplifier to be read by an oscilloscope that is also triggered by the function generator. From the oscilloscope the data is 
collected for analysis.  
 Transient photocurrent (TPC) measurements perturb a solar cell at steady state with an additional 
light intensity that is modulated between on and off.  In this work TPC is used in a 3-electrode setup 
because of the same benefits that are described in section 2.2.2. The experimental setup for 3-electrode 
TPC is shown in Figure 2-5. A potentiostat is used to maintain short circuit conditions between the 
photoanode and a reference electrode, while a counter electrode is used to maintain current to complete the 
circuit. A white light source is used to establish stead state photocurrent generation on the photoanode, 
while a red laser is used as the modulated light source. The lasers output is controlled by a function 
generator that applies a square wave that modulates the output between on and off. The amplitude should 
be chosen such that when the laser is on the photocurrent is increased by 10% or less of the steady state 
current. An oscilloscope is used to track and record output of the photoanode from the potentiostat. 
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However, the photocurrent must first be converted to a voltage signal with an amplifier. The data can then 
be collected from the oscilloscope through connection to a PC.  
 
 
Figure 2-6 TPC data for an ETA cell with 500 nm tall ZnO nanowires with a 5 nm CdS and 15 nm CdSe coating. 
 Figure 2-6 shows typical TPC data for an ETA solar cell with 500 nm tall ZnO nanowires coated 
with a 5 nm CdS and 15 nm CdSe shell. The superimposed light turns "on" and the photocurrent rises to a 
new steady state. After the new steady state is reached the perturbing light is switched "off" at time, toff, and 
the photocurrent decays back to the original steady state. At short circuit, recombination is minimal, and the 
time for decay back to steady state is limited by carrier transport through the cell to the external circuit. The 
data can be modeled as a discharging capacitor which is well described by a single exponential decay 
shown by the following equation. 
   
         
  
 
  
 
Where Isc is the short circuit current as a function of time, A is a constant, t is time, and τ is a time constant 
for electron transport through the cell.  
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2.3.3. Transient Photovoltage Decay 
 Transient photovoltage (TPV) measurements are the voltage analog to TPC measurements. The 
experimental setup is identical to that used for TPC except an amplifier is not needed. In TPV experiments 
the potentiostat is used to hold the photoanode at open circuit with a reference electrode. At open circuit 
charge carriers cannot be collected and thus the decay in photovoltage back to steady state is attributed to 
recombination. 
2.3.4. Electrochemical Impedance Spectroscopy 
 Electrochemical impedance spectroscopy (EIS) is a perturbation technique for characterizing the 
resistance of an AC signal through an electrochemical system. Impedance Z(ω) is the resistance of an AC 
electrical current, I(ω) when an AC voltage V(ω) is applied to the system given by the relation below. 
  
      
    
    
 
 
As shown, the impedance is dependent on the frequency at which it is measured. The power of impedance 
techniques is the ability to separately measure different charge transfer processes within a single 
electrochemical system. Typically an equivalent circuit model is used to model the impedance data 
allowing for extraction of resistance and capacitance values related to different processes. The simplest 
model typically used is the Randles cell which consists of a resister in series with a resistor and capacitor in 
parallel. The impedance of a Randles cell is represented by the following equation.  
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Figure 2-7 Sample Nyquist plot for a solar cell near open circuit. 
 The impedance data in this work is analyzed through Nyquist plots which show the real part of the 
impedance on the x-axis and the imaginary part as the y-axis. A sample Nyquist plot of impedance data 
taken for an ETA photoanode is shown in Figure 2-7. Typically, each RC component in the system will be 
represented as a semicircle in the Nyquist plot. From the Nyquist plot, the resistance of the RC element can 
be measured by the diameter of the semicircle while the inverse of the capacitance is proportional to the 
height of the semicircle. In the ETA systems used in this work only one semicircle was observed and thus a 
modified Randles cell which uses one RC component was used. 
 EIS has been useful for elucidating the charge transport and interfacial recombination processes 
within dye-sensitized solar cells (DSSCs) which are another type of nanostructured solar cell.  For example, 
Kern et al used EIS to study the effect of tert-butylpyridine (TBP) on interfacial recombination in DSSCs 
based on TiO2 nanoparticle scaffolds.
28
 When tert-butylpyridine (TBP) was applied to the TiO2 layer a shift 
in the frequency of the mid-frequency peak to a lower frequency occurred.  From the peak frequency a 
lifetime can be calculated by the equation: below:  
  
 
 
  
 
   
 
where   is the lifetime,   is the angular frequency, and f is the frequency.  Using this method, Kern et al 
determined that TBP increased the lifetime of their DSSCs from 10 to 50 ms and this increase in lifetime 
was responsible for the increase in photovoltage when TBP was applied. The frequency used is the one 
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from the maximum of the semicircle in the Nyquist plot, or peak in the Bode plot.  Because Nyquist plots 
do not contain frequency information, the impedance of the peak point must be matched with the 
corresponding frequency through either a Bode plot or the raw data.  Thus, it is quite convoluted to use a 
Nyquist plot to determine the lifetime and a Bode plot is preferred.   
Additionally, EIS has been applied to ETA cells consisting of CdSe-coated ZnO nanowires that 
are infiltrated with a CuSCN hole transport material.
29
 In the report by the Bisquert group, the authors are 
able to measure the recombination resistance of electrons in ZnO with holes in the CdSe or CuSCN layers 
with a combination of EIS and equivalent circuit modeling.  They measured an increase in recombination 
resistance with thicker CdSe absorber layers that lead to an overall decrease in interfacial recombination.  
This was directly correlated with an increased photovoltage in ETA cells with thicker CdSe layers.   
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Chapter 3. Interfacial Engineering and Device Characterization of CdSe-
coated ZnO ETA Cells
i
 
3.1. Introduction 
The objective of this chapter was to understand how the absorber thickness and absorber-scaffold 
interface in nanowire-based extremely thin absorber (ETA) solar cells could be designed to mitigate bulk 
and interfacial recombination and to optimize performance. Fast charge separation and transport improve 
the performance of ETA cells, while bulk and interfacial recombination processes are undesirable and 
should be minimized by careful design of morphology and interfaces. For a given nanowire array, a coating 
that is too thin will not harvest all incident light. However, a coating that is too thick will result in 
additional bulk recombination in the absorber.
13
 Therefore, an optimal thickness will exist for a given set of 
nanowire morphology and material and interface properties. The existence of an optimal thickness is 
commonly seen in planar solar cells that have carrier collection lengths smaller than the optical penetration 
depth, such as a-Si.
30
  An optimal thickness in ETA cells has also been reported for both CdSe and In2S3 
absorbers on ZnO nanowires.
13,31
  
Adding surface area enables similar light harvesting with smaller local absorber thickness, which 
reduces bulk recombination in nanowire-based solar cells. However, additional surface area also increases 
the dark current, whereby electrons flow from the anode through the absorber and into the electrolyte.
32,33
 
This interfacial effect reduces open circuit voltage (Voc) and fill factor (FF). For example, Belaidi et al. 
reported that the thinnest coatings showed the highest currents, but they also exhibited the smallest FF and 
Voc due to excessive shunting.
13
 Properly treating interfaces to minimize dark current by passivating defects 
and eliminating pinholes is critical to efficient solar energy conversion in ETA cells.
34
  
In this chapter, we report on the design of absorber thickness and interfaces to improve 
performance in an ETA cell consisting of a ZnO nanowire array with CdSe coating and liquid electrolyte. 
                                                          
i
 Adapted from: H. Majidi*, M.E. Edley*, L.C. Spangler, and J.B. Baxter, "Tailoring Absorber Thickness and the 
Absorber-Scaffold Interface in CdSe-Coated ZnO Nanowire Extremely Thin Absorber Solar Cells," Electrochim. Acta, 
145, 291 (2014). *Authors contributed equally 
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The first section describes the determination of an optimal absorber thickness to maximize the ratio of 
charge separation to bulk recombination using planar cells. The second section describes the increase in 
photocurrent using ETA cells and the use of an ultra-thin CdS buffer layer between the ZnO and CdSe that 
effectively suppresses the dark current, leading to significantly improved FF and Voc compared to ETA 
cells without buffer layers. For the CdSe absorber used here, the ETA architecture increases the 
photocurrent by a factor of two and the efficiency by 30% compared to planar cells. The optimization 
strategy outlined here can also be applied to other absorbers to determine conditions when nanostructured 
morphologies offer benefits compared to planar cells. 
3.2. Experimental 
3.2.1. ZnO Nanowire Arrays 
ZnO nanowire arrays were fabricated on transparent, conducting substrates (TCO) that had been 
seeded with ZnO thin films. The conductive F:SnO2-coated (FTO) glass substrates (15 Ω/sq, Hartford 
Glass) were cleaned by first dipping into 1 M hydrochloric acid for 10 seconds and then consecutively 
sonicating in acetone and ethanol for 15 minutes. A polycrystalline ZnO film of 40 nm thickness was 
deposited by dip coating in an ethanolic solution of 0.375 M zinc acetate and 0.375 M monoethanolamine 
at withdrawal speed of 200 mm/min, followed by annealing for 20 minutes at 400 ºC.
35
 ZnO nanowires 
were then grown on the ZnO seed film by chemical bath deposition at 90 ºC from aqueous solution of 0.025 
M zinc nitrate hexahydrate and 0.025 M hexamethylenetetramine in two 3-hour cycles.
36
  
3.2.2. CdSe Thin Films and Coatings 
CdSe thin films and coatings were both electrodeposited at 25 ºC in a three-electrode 
electrochemical cell from an alkaline aqueous solution of 0.05 M cadmium acetate, 0.1 M nitrilotriacetic 
acid trisodium salt, and 0.05 M selenosulfate with excess sulfite. pH of the electrolyte was adjusted to 8 by 
adding acetic acid. CdSe thin films were electrodeposited potentiostatically at -1.2 V on conductive tin-
doped indium oxide (ITO, Colorado Concept Coatings) substrates. This large potential was chosen because 
it provides continuous coatings at low charge density due to high nucleation density, as previously reported 
by our group.
37
 CdSe coatings were electrodeposited galvanostatically onto ZnO nanowire arrays at current 
density of 1.62 mA/cm
2
. This current density was chosen because it results in continuous, conformal 
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coatings without co-deposition of metals.
36
 Current density was calculated based on the flat substrate area 
and not the area of the nanowire arrays. Final charge density was chosen to be 162 mC/cm
2
. This value is 
about half the thickness determined to be optimal using planar cells, but thicker coatings resulted in 
coalescence of CdSe at the bottoms of neighboring nanowires and interfered with the well-controlled 
geometry desired for this study. Both CdSe films and coatings were annealed at 350 ºC and 400 ºC each for 
1 hour unless mentioned otherwise. This annealing procedure enables crystallites to grow to dimensions 
comparable to the film thickness and also reduces defect density.
38
 
3.2.3. CdS Interlayers Between ZnO and CdSe 
In some cases, an ultra-thin CdS layer was deposited on the ZnO nanowire array before CdSe 
deposition. CdS was deposited by successive ionic layer adsorption and reaction (SILAR) at room 
temperature. ZnO nanowire substrates were successively immersed in a Cd
2+
-containing bath (50 mM 
CdSO4 in water) and a S
2-
-containing bath (50 mM Na2S in water) for 20 s each based on the recipe from 
Joo et al.
39
 In between each immersion, the substrates were dipped in DI water for 20 s to remove loosely 
bound ions. The number of Cd
2+
- water- S
2-
- water cycles determines the CdS thickness. 
3.2.4. Material Characterization 
Light harvesting efficiency (LHE) of planar CdSe films with different thicknesses was determined 
by measuring both transmission and diffuse reflection using a home-built UV-vis transmission 
spectrometer (Ocean Optics, USB 4000) and a 1.5-inch integrating sphere. The correction for reflectance 
must be included since reflection varies with CdSe film thickness. UV-vis measurements of nanowire 
arrays, which are more highly scattering, were performed with a Cary 3E UV-vis spectrophotometer with 
4-inch integrating sphere. 
Scanning electron microscopy (SEM, Zeiss Supra 50 VP) was used to measure the thickness of 
CdSe films on ITO and to investigate the morphology of both ZnO seed layer and core/shell nanowires. 
Transmission electron microscopy (TEM, JEOL JEM2100 LaB6) was used to evaluate the thickness and 
uniformity of the CdS coating. 
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3.2.5. Solar Cell Fabrication and Characterization 
The photoanode, an ITO substrate with CdSe film or an FTO substrate with CdSe-coated ZnO 
nanowires, was coupled with a bare FTO-glass counter electrode in a sandwich cell configuration. 
Substrates were separated by a 60 μm thick Surlyn spacer, and the gap was infiltrated with aqueous 
electrolyte containing 200 mM K4Fe(CN)6, 20 mM K3Fe(CN)6, and 200 mM KCl. I-V characteristics were 
recorded using a potentiostat (Gamry, Reference 600) in the dark or under AM1.5 illumination with 
intensity of 100 mW/cm
2
 and spot size of 0.25 cm
2
. External quantum efficiency (EQE) was calculated by 
passing the white light through a monochromator (Oriel Cornerstone 130) and measuring photocurrent and 
light intensity. LHE and EQE measurements were then used to calculate internal quantum efficiency (IQE) 
by IQE= EQE/LHE. 
3.3. Results and Discussion 
3.3.1. Determination of Limiting Carrier Using Planar Films 
 
Figure 3-1 (a) J-V curve of a ~150 nm thick CdSe solar cell illuminated through the substrate side with light intensity 
of 100 mW/cm2 and also in the dark. (b) Internal quantum efficiency of a ~150 nm thick CdSe film illuminated through 
either the substrate side (red circles) or the electrolyte side (black squares). Schematic of a thick CdSe cell illuminated 
by blue light through the (c) TCO/CdSe and (d) electrolyte/CdSe interface. The dashed curve corresponds to the 
photoexcited carrier generation profile in the CdSe film, showing that most of the electron-hole pairs are generated 
close to the illuminated surface. Holes that are generated close to the TCO/CdSe interface as in (c) must travel larger 
distance, on average, to reach the electrolyte. Since holes have lower mobilities than electrons in CdSe, illumination 
through the substrate side results in much smaller IQE in the blue region compared to the cell illuminated through the 
electrolyte side. 
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Planar CdSe solar cells were used to determine which carrier limits charge separation. Planar cells 
reveal that transport of holes is much slower than that of electrons in CdSe thin films. To compare 
collection efficiency of electrons and holes, a solar cell was assembled using a ~150 nm thick planar CdSe 
film. The thickness of CdSe is intentionally larger than the optimum to allow investigation of limitations in 
charge separation. Figure 3-1(a) shows J-V curves of the cell under illumination from the substrate side and 
in the dark. 
IQE measurements of planar cells under front and back side illumination show that the 
photoexcited holes limit the charge separation. Figure 3-1(b) shows the IQE with the cell illuminated 
through either the electrolyte side or the substrate side. IQE measures collection efficiency of photoexcited 
carriers as a function of wavelength. LHE was corrected for reflections and for absorption by the 
electrolyte. Over the entire spectrum, IQE is larger when the cell is illuminated through the electrolyte side 
than through the substrate. The difference between the IQEs is less than 20% at 700 nm, but it is more than 
a factor of four with 400 nm excitation. The penetration depth (1/α) of 400 nm and 700 nm light in the 
CdSe film is ~70 nm and ~350 nm, respectively. The penetration depth of blue light in CdSe film is less 
than half of the film thickness. Therefore, when the cell is illuminated with blue light through substrate 
side, Figure 3-1(c), most of the charge carriers are generated close to the TCO/CdSe interface, and holes 
have to travel a large distance to reach the CdSe/electrolyte interface. Recombination at defects reduces the 
hole collection efficiency compared to the case when the cell is illuminated through the electrolyte side, 
Figure 3-1(d). In the case of electrolyte side illumination with blue light, the holes are generated near the 
electrolyte interface and are easily transferred into the electrolyte, while more mobile electrons are still able 
to reach the CdSe/TCO interface despite the longer distance. Given that IQE is four times higher in the 
electrolyte side than the substrate side, we conclude that the collection length of the holes is much smaller 
than that of the electrons. This result is expected given that hole drift mobility (75 cm
2
V
-1
s
-1
) in bulk CdSe 
is ~10 times smaller than that of electrons (720 cm
2
V
-1
s
-1
),
40
 and it is consistent with earlier work on 
nanocrystalline CdSe photoelectrochemical cells.
41
 With red light, the generation of carriers is more 
uniform across the entire film, and the difference in IQE is much less sensitive to illumination direction. 
Although the carrier generation profile in the absorber layer in nanowire-based ETA cells is not easily 
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determined, the hole collection length is an important factor in specifying the optimal thickness for power 
generation in ETA cells. 
3.3.2. Optimal Thickness of CdSe Absorber Layer 
I-V characteristics and IQE of planar CdSe solar cells were measured as a function of CdSe film 
thickness to determine the optimal thickness range for the material quality achieved with our 
electrodeposition and annealing procedure. An optimal coating thickness can then be applied to nanowire 
arrays for high-efficiency ETA cells. Optimal thickness was determined using planar cells rather than ETA 
cells because the simplified fabrication procedures and geometry enabled more precise control over the 
thickness. Planar solar cells illuminated through the electrolyte side would show a rise in short circuit 
current density (Jsc) as absorption increases with thickness, then a plateau as the thickness exceeds the hole 
collection length but is still less than the electron collection length.  
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Figure 3-2 (a) Short circuit current, light harvesting efficiency, and (b) internal quantum efficiency of planar cells with 
different thicknesses of CdSe films illuminated through the substrate. Short circuit currents are obtained from J-V 
curves under 100 mW/cm2 illumination. Light harvesting efficiency and internal quantum efficiencies are reported for a 
wavelength of 500 nm. 
However, when the cell is illuminated through the substrate side, Jsc will reach a maximum at intermediate 
thickness. In this case Jsc decreases with larger thickness because the distance that holes must travel to be 
collected increases such that charge collection efficiency decreases faster than light harvesting efficiency 
increases.
42
 
Figure 3-2(a) shows Jsc and LHE of planar solar cells illuminated through the substrate as a 
function of the CdSe thickness. The error bars show one standard deviation from three cells. As expected, 
Jsc initially increases to a maximum of 3.1 mA/cm
2 
as the thickness of the film increases to 80 nm, primarily 
due to increased light absorption in thicker films. Jsc decreases at larger thicknesses because charge 
separation efficiency decreases. Although the thickest films absorb more light than thinner ones, very poor 
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hole collection results in lower Jsc. Jsc becomes limited by charge collection at a thickness much smaller 
than the optical penetration depth. Therefore the CdSe films used here are a model test case to demonstrate 
the benefits of the ETA geometry. 
While the maximum in Jsc clearly demonstrates the need for an ETA geometry in this case, IQE 
may actually provide a better indicator of the optimal thickness range because it decouples light absorption 
from charge separation. Figure 3-2(b) shows IQE of planar cells as a function of CdSe film thickness. IQE 
of the CdSe films decays even more sharply at large thickness than Jsc does because the benefit of increased 
light absorption is removed from the measurement. IQE was expected to plateau as thickness decreased 
below the hole collection length. The optimal thickness for charge separation would then be given by the 
largest thickness in the plateau region. This thickness actually depends on wavelength because the 
absorption coefficient is wavelength-dependent. As discussed with Figure 3-1, blue light generates carriers 
closer, on average, to the substrate and would show a smaller optimal thickness than red light. IQE 
decreases for films thicker than 50 nm with 500 nm light (Figure 3-2(b)) and thicker than 80 nm with 560 
nm light (not shown). Increasing the thickness beyond the optimal range leads to larger distances for the 
holes to reach the CdSe/electrolyte interface and decreases the charge separation by bulk recombination. 
This trend confirms that the lower Jsc above 80 nm is due to poor hole collection. IQE exhibits a maximum 
of 0.9 near the optimal thickness, indicating that interfacial charge transfer across the ITO/CdSe and 
CdSe/electrolyte interfaces is very efficient.  
Surprisingly, IQE also decreased, rather than maintaining a constant value, at thicknesses smaller 
than the optimum. Assuming that the optimal thickness range indicated by the Jsc and IQE studies is related 
to the collection length, thicknesses below the optimum should not suffer from poor charge separation. 
Instead, low IQE in extremely thin films is caused by shunting and high recombination current. 
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Figure 3-3 (a) Open circuit voltage as a function of CdSe film thickness. (b) Dark J-V curves of extremely thin, 35 nm, 
and moderately thick, 80 nm, CdSe films, showing significant shunting in the thinnest films. 
The full I-V characteristics, particularly Voc and FF, provide insight into the magnitude of 
recombination. Figure 3-3(a) shows that Voc remains approximately constant at ~575 mV over the entire 
range of CdSe thickness except for the thinnest cell, 35 nm, which has Voc of 400 mV. Additionally the 
error bars, which are the standard deviation of three cells, show much larger variability for the thinnest 
film. Low Voc in the thinnest films likely arises from pinholes, which leads to direct TCO-electrolyte 
contact and shunting. Although care was taken to electrodeposit a continuous and uniform layer,
36,37
 the 
possibility of pinholes increases at very small thicknesses. In addition, the precise locations of CdSe nuclei 
control the uniformity of extremely thin films more strongly than that of the thicker films, which have more 
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time for coalescence of sparse nuclei. Therefore, the large variability in the Voc of the thinnest films likely 
results from non-uniformity of the films.  
The excessive shunting of the thinnest films is also evident in the dark curves. Figure 3-3(b) shows 
the dark J-V curves of the thinnest film, 35 nm, and of a moderate film thickness, 80 nm. The thinnest film 
suffers from severe shunting, but the thicker film shows the exponential behavior expected for a diode. 
Hence shunting, likely occurring at pinholes, causes small IQE and Voc of the extremely thin films. 
3.3.3. Interface Engineering with a CdS Buffer Layer 
 
 
Figure 3-4 Cross-sectional SEM images of (a) bare ZnO nanowires and (b) CdSe-coated ZnO nanowires with a 12-
cycle CdS layer at the interface.  
An optimal design in ETA cells will use the largest absorber thickness that still allows efficient 
charge separation, along with the minimum surface area required to achieve sufficient light harvesting with 
that thickness. With the CdSe film quality achieved with electrodeposition and annealing up to 400 °C, the 
optimal thickness appears to be in the range of 50 – 80 nm. However, the ZnO nanowire array is too dense 
to incorporate an ~80 nm CdSe absorber layer. Figure 3-4(a) shows that bare ZnO nanowires are densely 
packed, well-aligned, and ~1 µm long, with diameters of ~50 nm. Coatings thicker than ~30 nm begin to 
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fill the pore space at the bottom of the nanowire array because coatings from neighboring wires coalesce. 
This changing geometry reduces the effective surface area and makes quantitative comparisons across 
thicknesses difficult. Instead, we have chosen to investigate nanowire ETA cells with ~30 nm absorber 
thickness to preserve the model geometry for this study, even though they are slightly thinner than optimal. 
Small absorber thicknesses are prone to pinholes, and the addition of an interfacial layer to suppress 
shunting is necessary.  
Interface engineering can mitigate dark current and interfacial recombination in ETA cells. In 
addition to shunting due to pinholes, defects at the ZnO-CdSe interface can mediate interfacial 
recombination. Buffer layers between the absorber and the oxide have resulted in improved performance of 
ETA cells and other nanoporous cells.
4
 For example, the inclusion of a thin TiO2 layer between ZnO 
nanowires and CuInS2 absorber has been proposed to passivate the surface of ZnO.
43
 In2S3,
44,45
 Al2O3,
44,45
 
and In(OH)xSy
44
 buffer layers were used to passivate the surface of TiO2 nanoparticles used with CuInS2 
absorber. An In(OH)xSy buffer layer between TiO2 and Cu2-xS absorber also significantly improved solar 
cell performance.
46
 A thin CdS layer between ZnO nanowires and CdSe quantum dots was also reported to 
largely enhance both Jsc and Voc.
47,48
 
Multiple mechanisms for the improvements by buffer layers are possible. Hodes and Cahen 
proposed that the increased distance between the injected electron in the oxide and the remaining hole in 
the absorber reduces recombination by diminishing the Coulomb attraction.
4
 The buffer layer can also 
facilitate nucleation of the absorber on the oxide. Edri et al. showed that ZnS treatment on ZnO nanowires 
helps in the nucleation and growth of a conformal layer of both CdSe and CdS absorbers, even at very 
small thickness.
49
 Chemical bath deposited CdS and CdSe formed large, dispersed islands if ZnO was not 
treated with ZnS. We electrodeposit CdSe on ZnO nanowires, and conformal coatings are obtained after 
sufficiently large charge density even without ZnS treatment.
36
 However, ZnO/CdSe ETA cells suffer from 
large recombination currents. In this section, we investigate the use of a CdS buffer layer to passivate 
defects at the ZnO/CdSe interface and reduce recombination current. CdS buffer layers between ZnO and 
the absorber are the standard configuration in thin film solar cells such as CdTe. The CdS improves the 
physical and electronic structure by means that can translate to nanostructured solar cells as well. 
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Figure 3-5 (a) Dark curves of CdSe-coated ZnO nanowires solar cells with CdS interlayer of different thickness, 
showing effective suppression of shunting with 16 SILAR cycles. Inset shows schematic of CdSe-coated ZnO nanowire 
with CdS  buffer layer. (b) J-V characteristics under 1 sun illumination of ETA cells with 16-cycle CdS buffer layer 
and without buffer layer. The CdS buffer significantly improves FF and Voc. 
ZnO nanowires were coated with an ultrathin CdS interlayer using SILAR before 
electrodeposition of CdSe. SEM images before and after coating are shown in Figure 5. The dark curve 
shown in Figure 3-5(a) shows severe shunting in ZnO/CdSe core/shell nanowires without CdS treatment. 
Deposition of an ultra-thin CdS interlayer between CdSe and ZnO reduces the shunting in the cell. The 
recombination current decreases as the number of cycles of CdS SILAR deposition increases. The number 
of SILAR cycles is directly related to the CdS thickness. The solar cell with 16-cycle CdS treatment shows 
reasonably good rectifying behavior and minimizes shunting effectively. Further increases beyond 16 
cycles begin to cause agglomeration of CdS on top of the nanowire array and within the pores. 
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J-V measurements of ETA cells under illumination show that the reduction in shunting translates 
into considerable improvement in FF and Voc, as shown in Figure 3-5(b). With the 16- cycle CdS buffer 
layer, FF increased from 0.30 to 0.39 and Voc increased from 310 mV to 520 mV compared to the ETA 
cells with CdSe deposited directly on ZnO nanowires. As a result, efficiency increased from 0.53 to 1.34% 
because of improved charge collection efficiency at positive applied voltage. Jsc typically did not change 
drastically
 
with the addition of CdS, although in some cases an increase of up to 20% was observed relative 
to cells without CdS produced in the same batch. In addition to improving the average J-V characteristics, 
the use of CdS interlayers also drastically improved cell-to-cell reproducibility. 
The thickness of CdS required to significantly reduce shunting is only a few nanometers. TEM 
images in Figure 3-6 show ZnO nanowires coated with 16 SILAR cycles of CdS. The CdS coating is 
polycrystalline and has a thickness of 4-5 nm. Ultra-thin CdS coats the ZnO nanowire conformally with no 
visible pinholes and fairly uniform thickness. SEM images show that CdS may also facilitate smooth and 
continuous CdSe coatings by enabling higher nucleation density compared to nucleation directly on ZnO, 
resulting in continuous films at lower electrodeposition charge density (Figure A-1). Continuous coatings 
are essential for surface passivation and greatly improve solar cell performance. 
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Figure 3-6 (a) HRTEM image of a ZnO nanowire coated with 16 SILAR cycles of CdS, showing the crystalline coating 
is less than 5 nm thick. (b) TEM image shows that 16-cycle CdS coats the ZnO nanowire conformally and uniformly. 
3.3.4. Role of the CdS Buffer Layer on CdSe Deposition 
We have described the use of CdS buffer layers to reduce shunting in ETA cells, which we 
attribute partially to improved interfaces of ZnO-CdS and CdS-CdSe compared to ZnO-CdSe. The ZnO-
CdSe interface is expected to be highly defective using the deposition methods employed here because ZnO 
is etched by the electrolyte simultaneously with electrodeposition of CdSe. Additionally, the 
electrodeposition bath can etch the ZnO blocking layer, directly exposing the FTO substrate. If FTO is not 
completely coated by the absorber, direct contact between the substrate and the solar cell electrolyte results 
in significant shunting. Ultra-thin CdS coatings can prevent etching of ZnO nanowires and improve the 
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nanowire-absorber interface. In addition, CdS prevents dissolution of the ZnO blocking layer, which causes 
a large recombination current. 
 
 
Figure 3-7 ZnO seed layer on FTO substrate (a) before and (b) after CdSe electrodeposition. CdSe electrodeposition 
was carried out potentiostatically at -1.05 V for less than 20 s. Even with such small exposure, the CdSe 
electrodeposition bath etches the ZnO seed layer and exposes FTO. The inset in (b) shows bare FTO 
 
Even at neutral pH, ZnO can be etched during CdSe electrodeposition because of the strong 
chelating agents. NTA
3-
 forms complexes with Zn
2+
 and etches ZnO following the reaction:  
 
                            
 
        
 
To test the effect of the CdSe electrodeposition bath on ZnO, we electrodeposited very small amounts of 
CdSe onto ZnO seed films. Figure 3-7(a) shows an SEM micrograph of a typical ZnO seed layer on FTO 
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glass. The ZnO film is compact and uniform and smoothens the rough FTO surface. Figure 3-7(b) shows 
the substrate after electrodeposition of CdSe with a final charge density of 1.6 mC/cm
2
. This charge density 
is only sufficient for formation of small CdSe nuclei without growth of continuous films.
37
 The ZnO seed 
layer is completely etched even in this early stage of CdSe nucleation and growth. Upon removing the ZnO 
film, CdSe electrodeposition exposes rough FTO. The remaining surface resembles the grains of bare FTO, 
inset of Figure 3-7(b), with CdSe nuclei (smaller bright spots).  
The typical ZnO seed layer, used in our ETA cells, is only 40 nm thick. The 40 nm thick ZnO seed 
layer is completely dissolved before deposition of the CdSe film begins. Therefore, CdSe will be deposited 
directly on FTO rather than on the ZnO seed layer. The typical CdSe thickness used in ETA cells was 30 
nm. Figure 3-3 shows that such a small thickness in planar films is prone to shunting. Thicker ZnO seed 
layers deposited by repeated dip coating result in denser wires that cannot incorporate thick enough 
absorber coatings due to the small pitch. 
Deposition of an ultra-thin layer of CdS before electrodeposition of CdSe protects the ZnO seed 
layer and nanowires from etching. Musselman et al. have reported the instability of ZnO nanowires in 
Cu2O electrodeposition bath.
50,51
 They buffered the electrodeposition bath by adding zinc species to prevent 
dissolution of ZnO nanowires and formation of impurities at the interface. Buffering the solution strongly 
improved the efficiency of Cu2O-ZnO solar cells by increasing open circuit voltage. In our case, buffering 
the electrodeposition bath by ZnO nanoparticles did not allow deposition of desirable stoichiometric CdSe. 
However, ultra-thin CdS coatings prevented etching. 
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Figure 3-8 ZnO seed layer on FTO substrate (a) before and (b) after CdSe electrodeposition. CdSe electrodeposition 
was carried out potentiostatically at -1.05 V for less than 20 s. Even with such small exposure, the CdSe 
electrodeposition bath etches the ZnO seed layer and exposes FTO. The inset in (b) shows bare FTO.  
Figure 3-8 shows top-view SEM images of CdSe-coated ZnO nanowires with and without a CdS 
coating. CdSe does not coat the (0002) plane of bare ZnO nanowires, Figure 3-8(a), because that surface is 
continuously dissolved by NTA in the electrodeposition bath. Cross-sectional SEM images and x-ray 
diffraction show that the nanowire lengths decrease significantly during the CdSe electrodeposition, and 
eventually the nanowires are completely dissolved (Figure A-2). The nanowire diameters do not appear to 
change within the limits of our resolution. Therefore we conclude that the etching rate along the [0001] 
direction of ZnO is much faster than the [    ] direction. Although the dissolution rate of ZnO along the 
[    ] direction is slow, even slight dissolution of ZnO as CdSe is nucleating and growing on its surface is 
expected to result in a defective interface. CdS prevents dissolution of the nanowires by preventing 
exposure of ZnO to NTA; and CdSe completely covers the tops of the nanowires, as shown in Figure 
3-8(b). The protective effect of CdS also applies to the ZnO seed layer, which exposes the (0002) surface. 
Therefore, suppressing shunting by keeping the ZnO blocking layer intact is an important function of the 
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CdS buffer layer. CdS also enables CdSe to coat the tops of ZnO nanowires and avoid exposure of ZnO to 
the electrolyte. 
3.3.5. Planar Versus ETA cell 
 
 
Figure 3-9 (a) J-V characteristics of an ETA cell and the best planar cell with the same absorber quality. The planar cell 
consists of a 40 nm ZnO layer, 16-cycle CdS, and 80 nm CdSe absorber layer. The ETA cell comprises a ZnO 
nanowire array with 16-cycle CdS and ~30 nm coating of CdSe. (b) Spectrally-resolved LHE, EQE, and IQE of an 
ETA cell with the same specifications as described in (a). Values are averages of four cells, and error bars indicate one 
standard deviation. 
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The first test of ETA cells’ utility is that they should outperform planar cells made from the same 
absorber material and quality. Figure 3-9(a) shows J-V characteristics for both ETA and planar solar cells 
made with electrodeposited CdSe absorber that was annealed under the same conditions. The inset of 
Figure 3-9(a) lists performance metrics of each cell. The planar cell contained the same layers as the ETA 
cell, including a 40 nm ZnO compact film on FTO, a 16-cycle CdS buffer layer, and an 80 nm CdSe 
absorber layer. The absorber thickness of the planar cell was selected according to data in Figure 3 to 
provide the highest photocurrent by balancing the effects of light absorption and charge collection. The 
ETA cell had a ~30 nm CdSe coating on a ZnO nanowire array with 16-cycle CdS buffer layer.  
The efficiency of the ETA cell is 30% larger than the best planar cell. This gain comes from 
improved light harvesting without sacrificing charge separation. The ETA cell has Jsc of 6.6 mA/cm
2
, which 
is two times larger than that of the planar cell. Clearly the ETA architecture enables collection of charge 
from a larger volume of absorber than the planar cell because the absorber has been distributed as a thin 
coating over the large scaffold area. However, the consequence of this large interfacial area is the increased 
interfacial recombination that causes FF and Voc to be smaller in ETA cells than planar cells. The CdS 
buffer greatly improves the interface and reduces shunting, but interfacial recombination is still apparent. 
Additionally, the ETA cell suffers from more extreme voltage-dependent collection than the planar cell, as 
evidenced by larger conductance at short circuit under illumination than in the dark.  
To further assess ETA cell performance, LHE, IQE, and EQE of ETA cells were measured, as 
reported in Figure 3-9(b). The LHE curve shows that ETA cells absorb light very strongly above the CdSe 
band gap, even with such thin coatings. Studies of planar cells in Figure 3-2(b) showed that photoexcited 
carriers can be separated across the CdSe very efficiently, with IQE exceeding 75% for films of ~80 nm 
thickness. However, IQE of ETA cells is only ~40%, indicating that charge collection is limited by 
interfacial recombination that competes with electron transport through the nanowires, as shown 
schematically in Figure 1-3(b3-b4). Overall, the improvement in LHE for ETA cells compared to planar 
cells is more significant than the decrease in IQE, resulting in larger EQE (40% vs 24% at 500 nm) and 
larger Jsc. 
Previous reports have shown that fully depleted nanowires suffer from poor charge collection due 
to reliance on purely diffusive transport without drift.
23
 The potential distribution in our core-shell 
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nanowires has not been determined, but we suspect that nanowires with larger donor densities or larger 
diameters may improve charge collection. As previously mentioned, this study was designed with well-
controlled geometry as the primary criterion. Thicker absorber coatings and longer nanowires could also be 
used to increase the efficiency. These results show significant promise for continued increases in 
efficiency, with multiple potential routes for improvement through manipulation of geometry and 
interfaces. 
3.4. Conclusion 
We have demonstrated ETA cells with efficiencies that are 30% higher and Jsc that is two times 
higher than the best planar cells made with the same materials and processing conditions. The ETA 
geometry allows efficient charge separation by matching the absorber thickness to the collection length, 
and it maintains efficient light harvesting by coating the larger interfacial area provided by nanowire arrays. 
The optimal absorber thickness of 50 - 80 nm for electrodeposited CdSe annealed at 400 °C was 
determined using planar cells because of their simplified geometry. Addition of an interfacial CdS buffer 
layer between ZnO and CdSe reduced shunting and increased Voc and FF compared to cells without this 
layer. The CdS improves the ZnO-CdSe interface and also prevents dissolution of the ZnO blocking layer. 
This work conclusively shows a model case where ETA cells are superior to planar cells because 
they address the mismatch between the short hole collection length in CdSe and the large optical 
penetration depth. Further fundamental understanding and optimization of the ETA cells will enable 
additional improvements in efficiency. The ETA cells reported here had absorber thicknesses that were 
smaller than the optimum because of limited void space between nanowires. Reconfiguring the nanowire 
pitch, diameter, and length may allow significant gains by allowing use of the optimal absorber thickness 
while improving charge collection through the nanowire array. Changes to the electrolyte and counter 
electrode and surface treatments of the CdSe coating may also increase efficiency and stability by 
improving interfacial charge transfer kinetics. Our investigation of the effects of absorber thickness and the 
absorber-scaffold interface is a critical starting point to understand and optimize ETA cells. 
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Chapter 4. Charge Separation and Bulk Recombination in CdSe-coated ZnO 
ETA Cells
ii
 
4.1. Introduction 
The objective of this chapter was to investigate the dynamics of charge separation and interfacial 
charge transfer in extremely thin absorber (ETA) solar cells. For efficient separation of photoexcited 
carriers, electron and hole injection must happen significantly faster than bulk recombination within the 
absorber layer. Photoexcited electrons are transferred from the absorber layer to the nanostructured scaffold 
while holes either are transferred to a solid state hole conductor or oxidize a reduced species in a liquid 
electrolyte. Measuring and understanding the dynamics of ultrafast charge separation in ETA solar cells can 
help to provide a framework for cell design. 
The need to separate charges before they recombine exists regardless of solar cell architecture, and 
the characteristic length scales for charge separation and light absorption guide the choice of 
nanostructured versus planar device design. Planar devices are inherently more desirable because they 
minimize the interfacial area and dark current. However, if the collection length is much smaller than the 
absorption depth due to small carrier lifetimes or mobilities, then nanostructured geometries become 
appealing options. For example, a model by Taretto and Rau showed that an ETA cell based on CdTe with 
minority carrier diffusion coefficient of 0.1 cm
2
/s could achieve the same 10% efficiency with a lifetime 
that was nine times smaller than that required for a planar cell.
18
 With sufficiently large lifetime and 
diffusion length, the planar cell became more efficient than the ETA cell.  
In solution deposited absorber materials typically used for ETA cells, charge transfer and bulk 
recombination are expected to occur on the picosecond to nanosecond timescale,
19,52,53
 a timescale 
accessible by ultrafast transient absorption (TA) spectroscopy. TA is a pump-probe technique that measures 
photoexcited carrier populations through differences in absorption spectra between photoexcited and non-
photoexcited samples. TA utilizes a pump pulse to promote electrons from the ground state to the excited 
state, followed by a weaker probe pulse at a pump-probe time delay tpp. The absorption spectrum is then 
                                                          
ii
 Adapted from: M.E. Edley, G.W. Guglietta, S. Li, H. Majidi, J.B. Baxter, "Ultrafast Charge Carrier Dynamics in 
Extremely Thin Absorber (ETA) Solar Cells Consisting of CdSe-Coated ZnO Nanowires," J. Phys Chem. C., 120, 35 
(2016) 
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measured for the excited state and subtracted from that of the ground state, giving a change in absorption, 
ΔA. ΔA is a function of both tpp and wavelength and may contain contributions from many processes 
including ground state bleaches, photoinduced absorption, and stimulated emission.
54
  
TA has been used to measure photoexcited carrier dynamics in many solar cell materials such as 
single crystal CZTS,
55,56
 perovskite oxides,
57,58
 halide perovskites,
59–61
 and quantum dots,
62–64
 as well as 
materials for solar fuels.
65
 Fundamental differences in the driving force behind charge separation exist 
between all these material systems and ETA solar cells.
66
 There have only been a few TA studies of ETA 
solar cells, all of which investigated Sb2S3- or CdSe-coated TiO2 with CuSCN hole transport material.
19–22
   
In this study, we used TA to measure the ultrafast dynamics of charge separation in ETA cells 
consisting of a ZnO nanowire scaffold coated with a CdSe absorber layer and infiltrated with 
ferri(o)cyanide electrolyte, as well as model planar and nanostructured systems. Improvements in the J-V 
characteristics of the ETA cells after CdSe annealing treatments were directly correlated with a 50x 
increase in carrier lifetime, which extended to >1 ns in the annealed absorber. Photoexcited electrons were 
injected from CdSe into ZnO within 1 ps. While TA is not sensitive to holes in CdSe and cannot directly 
measure hole transfer in this materials system, we did observe that the presence of the electrolyte results in 
increased surface electron trapping due to photocorrosion. A combination of device studies and ultrafast 
spectroscopy indicates that charge separation efficiency is limited by holes and that the semiconductor 
surface degrades during operation, which points to modifications of the CdSe thickness and redox species 
as possible avenues to device improvement.  
4.2. Experimental 
4.2.1. Materials Synthesis 
ETA cell photoanodes consisting of CdSe-coated ZnO nanowire arrays with an ultrathin CdS 
buffer layer were fabricated following procedures that we have published previously.
12
 All samples were 
prepared on FTO (Sn2O:F, TEC 15) purchased from Hartford Glass or on ITO (Sn:In2O3). These 
transparent conducting oxide (TCO) substrates were cleaned by successive sonication at 60 °C in 
CONTRAD 100 (DeCon Labs), 1:1 ethanol:acetone, and 1.0 M HCl. 
ZnO nanowires were synthesized by chemical bath deposition (CBD) at 90 °C from aqueous 
solutions containing 25 mM zinc nitrate hexahydrate (Zn(NO3)2·6H2O) and 25 mM 
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hexamethylenetetramine (HMTA). Before nanowire growth, FTO substrates were seeded with ZnO films 
via dip coating in an ethanolic solution of zinc acetate and monoethanolamine. To improve nucleation of 
CdSe and prevent shunting, an ultrathin CdS (5 nm) buffer layer was deposited via 16 cycles of successive 
ionic layer adsorption and reaction (SILAR) with 50 mM cadmium sulfate and 50 mM sodium sulfide.
12
 
 CdSe was electrodeposited with a three-electrode electrochemical cell using a Pt-wire counter 
electrode and a saturated Ag/AgCl reference electrode (Pine Instruments).
12
 An alkaline aqueous electrolyte 
of 0.05 M cadmium acetate, 0.1 M nitrilotriacetic acid, and 0.05 M selenosulfate with excess sulfite was 
used for deposition at 25 °C. The pH of the electrolyte was adjusted to 8 by adding acetic acid. CdSe 
coatings were electrodeposited galvanostatically onto ZnO nanowire arrays at a current density of 1.62 mA 
cm
-2
. This current density was previously reported by our group to give continuous, conformal coatings 
without co-depositing Cd and Se metals.
37
 A final charge density of 162 mC cm
-2 
was used to deposit 
approximately 30 nm of CdSe on ZnO nanowire arrays that were 1000 nm long with a diameter of 50 nm 
for standard ETA cells. The CdSe coating thickness for ETA cells used in TA experiments was 15 nm on 
ZnO nanowire arrays that were 500 nm long and 50 nm in diameter, controlled with a final charge density 
of 41 mC cm
-2
. Current and charge densities were calculated based on flat substrate area not ZnO nanowire 
area. Thicknesses of planar and nanowire coatings were calibrated to charge density by scanning electron 
microscopy (SEM, Zeiss Supra 50 VP). After deposition, the CdSe films were annealed in air at 350 °C and 
400 °C consecutively for one hour each to increase crystallite size to approximately match the film 
thickness.
38
 
4.2.2. Solar Cell Fabrication and Characterization 
Solar cells were fabricated in a sandwich configuration with the FTO/ZnO/CdS/CdSe as the anode 
and a bare FTO cathode. ZnO nanowire length was generally ~1 µm unless otherwise noted. CdSe 
thickness varied, but the highest efficiency solar cells used 30 nm for the ETA geometry and 80 nm for 
planar. The hole collecting electrolyte was an aqueous solution containing 200 mM K4Fe(CN)6, 20 mM 
K3Fe(CN)6, and 200 mM KCl. 60 µm Surlyn spacers were used to separate the electrodes and allow 
electrolyte infiltration. I-V characterization was performed using a potentiostat (Gamry, Reference 600) in 
the dark or under 1-sun illumination with an intensity of 100 mW/cm
2
 and AM1.5 filter with a spot size 
0.25 cm
2
. 
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4.2.3. Transient Absorption Spectroscopy 
Carrier dynamics were measured by ultrafast transient absorption spectroscopy (Ultrafast Systems, 
Helios). Pump and probe pulses were generated using a regeneratively amplified Ti:sapphire laser 
(Coherent Libra HE) operating at 1 kHz repetition rate and with 50 fs pulse duration. An optical parametric 
amplifier (OPA, Coherent OPerA Solo) was used to tune the pump wavelength, as specified later in the 
text. Pump power was controlled by neutral density filters. The white light continuum (370 – 750 nm) 
probe pulse was generated by focusing the 800 nm seed pulse onto a CaF2 or sapphire crystal. Detection 
was performed with a Si CCD array. Spectra were corrected for chirp in the white light continuum probe. 
Temporal resolution was 50 fs and delay time was controlled by an optical delay line with range up to 2500 
ps. Most TA measurements were performed in air, although a few were performed in the solar cell 
electrolyte contained within a quartz cuvette under open circuit conditions. 
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4.3. Results and Discussion 
4.3.1. ETA and Planar Solar Cell Performance  
 
 
Figure 4-1(a) Schematic of ETA solar cell architecture consisting of a CdSe-coated ZnO nanowire array that is 
infiltrated with a ferri(o)cyanide electrolyte. The dashed box shows an energy level diagram for the 
ZnO/CdSe/electrolyte. (b) Cross-sectional SEM micrograph of bare ZnO nanowire scaffold with nanowire lengths of 
1000 nm and diameters of 50 nm. (c) Cross-sectional SEM micrograph of ETA photoanode consisting of ZnO 
micrograph of CdSe-coated ZnO nanowire after annealing, and (inset) lower magnification of ZnO nanowire coated 
with CdS. (e) J-V characteristics of ETA and planar solar cells using a CdSe absorber layer. f) Light harvesting 
efficiency of ETA photoanode, ZnO nanowire scaffold, and FTO substrate. Some panels adapted from Chapter 3. 
 
The nanowire and thin film samples investigated here serve as model systems of extremely thin 
absorber (ETA) solar cells based on ZnO nanowire arrays coated with a CdSe absorber layer and infiltrated 
with at ferri(o)cyanide electrolyte, as shown in Figure 4-1a. Figure 4-1b shows a cross-sectional SEM 
micrograph of a bare ZnO nanowire array and Figure 4-1c shows a typical ETA photoanode with 
conformal coverage of the ZnO nanowires by the CdS buffer and CdSe absorber layer. TEM images in 
Figure 4-1d show that CdS uniformly and conformally coats the ZnO nanowires and that annealed CdSe 
coatings are crystalline with grain sizes that extend through the entire thickness of the coating. Additional 
details on the physical structure and relationship to processing parameters can be found in our earlier 
reports.
12,36,38
  Electrodeposited CdSe is an appropriate candidate for consideration in ETA cells because the 
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length scale for charge collection is significantly shorter than the length scale for light absorption. Our 
previous work on planar cells showed that internal quantum efficiency (IQE) decreased for CdSe 
thicknesses beyond 50 nm because of uncollected holes.
12
 However, the light harvesting efficiency (LHE) 
for 500 nm photons was found to be only 20% with a CdSe thickness of 50 nm. Therefore, depositing a thin 
CdSe coating onto a nanostructured scaffold can increase current density, as shown in the comparison of J-
V characteristics between ETA and planar solar cells, Figure 4-1e. CdSe absorber thickness was optimized 
separately for each case, 30 nm for ETA and 80 nm for planar, to maximize efficiency. Our earlier work 
showed that absorber thickness affects charge transport and recombination as well as charge separation in 
the ETA configuration via the degree of extension of the depletion region through the absorber and into the 
ZnO nanowire.
14
 The photovoltage in ETA cells was lower than those of planar cells because of the larger 
junction area and increased dark current, but enhanced photocurrent resulted in larger efficiencies of 1.6% 
compared to 0.7%. Jsc was significantly higher for the ETA architecture, 7.9 compared to 2.9 mA/cm
2
, 
because improved light harvesting outweighs any loss in carrier collection efficiency. Figure 4-1f shows 
LHE of nearly 100% for photon energies well above the band gap of CdSe (1.7 eV or 720 nm), but 
quantum efficiencies are only ~40%, Figure 3-9(b).
12
 Carrier dynamics measurements described below 
demonstrate that the low quantum efficiencies are not due to interfacial electron transfer, which appears to 
be very efficient. 
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4.3.2. Bulk Recombination and Photoexcited Carrier Lifetime 
 
 
 Figure 4-2 (a) Spectral response of ΔA for annealed planar CdSe films photoexcited with 400 nm photons at a pulse 
energy of 29 μJ cm-2 at several pump-probe delay times. (b) Schematic of possible recombination pathways for planar 
CdSe films on ITO interfaced with air. (c) Dynamic response of annealed CdSe probed at 720 nm (open data points) 
with globally fit recombination model (lines) for a range of pump pulse energies (d) Normalized transients from (c) 
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Ultrafast spectroscopy was employed to determine the recombination rates and mechanisms in 
CdSe thin films. The dynamics of photoexcited carriers in planar CdSe films on ITO, with and without 
annealing, were measured by TA. The film thickness was 150 nm, and light was incident on the free 
surface. This thickness is much larger than the optimal thickness for ETA solar cells, but the larger 
thickness improves signal-to-noise and reduces the effect of the substrate interface.  
 The spectral response of the annealed CdSe film, photoexcited with 400 nm photons at a pulse 
energy of 29 μJ/cm2, is shown in Figure 4-2a at pump-probe delay times of 5, 50, and 500 ps. The spectra 
show two ground state bleach features, which have negative ΔA and whose magnitude is proportional to 
the population of photoexcited electrons. In CdSe, the valence band edge state is eight-fold degenerate but 
the conduction band edge state is only two-fold degenerate, leading to TA signals that are dominated by the 
photoexcited electron population, as has been reported for CdSe quantum dots.
67,68
  Similar effects are 
expected here for thin films and coatings. The ground state bleach of the bulk band gap is observed at 720 
nm, and the bleach of transitions from the split-off valence band to the conduction band appears at 575 
nm.
69
 As the pump–probe delay time increases, the bleach features decrease in magnitude due to 
recombination or trapping of photoexcited electrons. 
 There are four potential recombination pathways for photoexcited carriers in the planar 
CdSe films, as shown in Figure 4-2b. We expect that defect-mediated Shockley-Read-Hall (SRH) and 
surface recombination will be dominant under typical 1-sun solar cell operating conditions, while radiative 
and Auger recombination are not likely to limit performance of electrodeposited CdSe films. Under high-
injection conditions typically generated during ultrafast spectroscopy experiments, defect-mediated 
mechanisms have rate equations that are proportional to carrier density, while radiative and Auger 
recombination rates are second and third order in carrier density, respectively.
70
  Therefore, a power-
dependent TA data were collected to identify an appropriate range of pump powers to enable study of 
carrier dynamics most relevant to solar cell operation at 1 sun while maintaining reasonable signal-to-noise. 
The dynamics of the band edge bleach at 720 nm were probed after photoexcitation with pump pulse 
energies ranging from 4-570 Jcm-2. Kinetic traces are shown in Figure 4-2c, and kinetics normalized by 
ΔAmax are shown in Figure 4-2d. The power-dependent kinetic data can be fit using the general 
recombination rate equation given by
71
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where n is the photoexcited carrier density, and the decay terms correspond to first-order defect-mediated 
(Shockley-Read-Hall (SRH) or surface) recombination, bi-molecular radiative recombination, and third-
order Auger recombination. Since A<0.05 OD (or  since =-ln10×A in the perturbation 
regime),
72
 we assume that A is proportional to n. The three ki’s were found using a global fit of the kinetic 
data, with fits shown in Figure 4-2c. The contribution of the radiative decay term was negligibly small, 
with Auger recombination controlling the dynamics at high n and defect-mediated trapping/recombination 
controlling dynamics at low n. Subsequent studies were performed with pump pulse energies of ~30 Jcm-
2
, where dynamics are not strongly dependent on power and data collection times were reasonable. This 
pulse energy results in initial photoexcited carrier densities of 10
18
 cm
-3
 or more, which is significantly 
higher than the electron density of 10
17
 cm
-3
 previously determined for our films by Mott-Schottky 
analysis.
14
 Therefore, the TA conditions indeed fall in the high injection regime assumed in the 
recombination model. The characteristic time for defect-mediated electron trapping or recombination is 
given by k1
-1
, which is 2 ns from the global fit. 
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Figure 4-3 (a) J-V curves of ETA solar cells with and without annealing, under AM 1.5 illumination at 100 mW/cm2. 
Annealing was done in air at 350 and 400 °C for 1 hr sequentially. Adapted from ref 38. (b) TA of as-grown (black) and 
annealed (red) 
Annealing can increase carrier lifetime and diffusion length in solar cell absorbers by reducing the 
density of grain boundaries and defects that are potential recombination centers for charge carriers. 
Increased carrier lifetime and diffusion length should improve charge separation and thus solar cell 
efficiency.
34
 We have previously reported that annealing CdSe-coated ZnO ETA cells enhanced Jsc, FF, and 
efficiency compared to as-grown CdSe, as shown in Figure 4-3a.
38
  
The recombination dynamics of annealed and as-grown films were compared by probing the 
ground state bleach around 720 nm, as shown in Figure 4-3b. The as-grown film has smaller ΔA, 
presumably because it contains a significant amount of amorphous CdSe; and it decays much faster because 
of the high defect density. In fact, it can be fit with a single exponential decay with a time constant of 23 ps, 
indicating rapid and dominant electron trapping and recombination. However, the annealed CdSe films 
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have significantly slower recombination dynamics and thus longer lifetimes compared to the as-grown 
films. The fit shown in Figure 4-3b is the global fit of the annealed film under a range of pump fluences 
spanning two orders of magnitude, as also shown in Figure 4-2c. The annealing process results in grain 
growth and healing of point defects, and the lifetime increased to ~2 ns. Characteristic time constants for 
our films are significantly longer than those recently reported by Kirmayer et al. for TA of SILAR grown 
CdSe films on alumina annealed in air at 500 °C, which could be attributed to either differences in film 
properties or in photoexcitation conditions.
19
  
The large increase in carrier lifetime measured by TA can be correlated directly with the increase 
in solar cell performance measured by J-V characteristics in Figure 4-3a. A diffusion length, LD, of ~500 
nm was calculated from    √       using a lifetime, τ, of 2 ns measured here and mobility, μ, of holes 
in single crystal CdSe of 40 cm
2
 V
-1
s
-1
.
73
 The single crystal mobility is likely an overestimate for 
electrodeposited CdSe, which may explain why our planar cells exhibited maximum efficiencies with a 
thickness of only 80 nm. This diffusion length also indicates that most carriers can interact with the surface 
before recombining; therefore, surface recombination could accompany SRH recombination as a significant 
mechanism. Oxidation of the CdSe surface during annealing can passivate surface defects and reduce 
surface recombination velocity,
19
 which would also contribute to longer lifetimes. In full ETA cells, this 
diffusion length implies a high likelihood of efficient charge separation if interfacial charge transfer 
kinetics are sufficiently fast. For charges to separate efficiently in an ETA cell, the electrons should be 
transferred to ZnO and holes to the electrolyte faster than the bulk carrier lifetime of 2 ns for annealed 
CdSe. 
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4.3.3. Interfacial Electron Transfer 
 
 
 
 
 
 
 
Electron transfer rates from CdSe to ZnO should be much faster than the photoexcited carrier 
recombination rate to enable efficient charge collection. Figure 4-4a shows J-V characteristics of solar cells 
with and without the CdS buffer layer. A small increase in Jsc was observed with the addition of CdS, along 
with a significant improvement in fill factor and Voc. This behavior indicates that CdS primarily acts by 
reducing shunting, as described in our previous work,
12
 and does not impede electron transfer. Electron 
injection from the CdSe shell into ZnO nanowires was investigated by TA of samples with CdSe shell 
thickness of 15 nm on ZnO nanowires that were 500 nm long and 50 nm in diameter, with and without a ~5 
nm CdS buffer layer. Nanowire length and CdSe thickness were smaller than those used in solar cells in 
order to avoid complete absorption in the UV and enable tracking of electrons in the ZnO. The pump 
Figure 4-4 (a) J-V curves of ETA solar cells with and without 5 nm CdS interlayer, under AM 1.5 illumination at 100 
mW/cm
2
. Adapted from Chapter 3. (b) TA spectra of CdSe-coated ZnO nanowires at various time delays from 0.2 to 
30 ps. Samples consisted of 15 nm of CdSe on ZnO nanowires that were 50 nm in diameter and 500 nm long. A 
spectrum of bare ZnO nanowires at 0.6 ps is shown as a control. Samples were pumped at 450 nm with a pulse energy 
of 710 Jcm
-2
. (c) Schematic of electron injection (green) and recombination (red). (d) TA spectra of CdSe/CdS-coated 
ZnO nanowires at various time delays from 0.05 to 30 ps. Samples consisted of 15 nm of CdSe on a 5 nm CdS 
interlayer on ZnO nanowires that were 50 nm in diameter and 500 nm long. Samples were pumped at 533 nm with a 
pulse energy of 1290 Jcm
-2
. (e) Short- and (f) long-time dynamics of the CdSe/CdS-coated ZnO nanowires from (d) 
probed at 580 nm (blue) and at the ZnO band edge (black). The dynamics of a planar 150 nm CdSe film pumped with a 
pulse energy of 1260 Jcm
-2
 and probed at the CdSe band edge are shown in red. 
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wavelength was to the red of the absorption edges of ZnO (Eg ~375 nm) or CdS (Eg ~520 nm) so that 
photoexcited carriers were generated in only the CdSe. 
Ultrafast interfacial electron transfer from CdSe into ZnO is confirmed by the spectral response of 
ΔA, as shown in Figure 4-4b for ZnO nanowires with CdSe coating, but without CdS, at multiple pump - 
probe delay times, along with a reference spectrum of bare ZnO nanowires. A schematic of important 
photophysical processes for the coated nanowire structure is shown in Figure 4-4c. The coated sample 
displays the same characteristic CdSe bleaching features around 500–750 nm that were described earlier. 
The band edge feature appears to be blue-shifted here, possibly because of limitations in dynamic range on 
the red side of the spectrum due to the need to use a CaF2 crystal to generate white light further into the UV 
for simultaneous probing of ZnO features. The CdSe features appear instantaneously upon photoexcitation, 
quickly increasing in magnitude and reaching a maximum after ~0.6 ps before decaying again. Over the 
first few picoseconds, the CdSe bleach features also red-shift due to carrier cooling. The changes in 
magnitude of the bleach correspond to changes in carrier density, first increasing upon photoexcitation, 
then decreasing by two main channels: recombination and electron injection into ZnO. The bleach feature 
centered at 372 nm due to electrons in the ZnO conduction band appears almost concurrently with the 
appearance and rapid disappearance of the CdSe bleach, confirming significant ultrafast electron transfer 
within the first picoseconds of photoexcitation. A bare ZnO nanowire control sample photoexcited at 450 
nm, Figure 4-4b, did not show any features because the photon energy is smaller than the ZnO band gap.  
Electron injection from CdSe to ZnO in the presence of the CdS buffer occurs on sub-picosecond 
time scales as in the case without CdS, as shown in Figure 4-4d. The CdSe/CdS bleach feature appears to 
be one broad peak rather than two distinct peaks as observed in the case without CdS, which may indicate 
some interdiffusion of sulfur and selenium during annealing to form a CdSe1-xSx alloy. Although this bleach 
feature only begins at around 670 nm, the onset of light absorption and non-zero quantum efficiency 
(Figure 3-9b) for the ZnO/CdS/CdSe ETA solar cell is above 700 nm, closer to the bulk CdSe band edge. 
Additionally, the positive photo-induced absorption feature to the red of the ZnO bleach is broader and 
longer-lived in the case of CdSe/CdS. This feature reaches a maximum almost instantaneously and likely 
results from ZnO-CdSe1-xSx interface states. The photoinduced absorption feature of bare ZnO nanowires 
excited by UV photons is much narrower and shorter lived, Figure B-1. 
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Ultrafast electron transfer from CdSe into ZnO, in the presence of CdS, can be further understood 
by considering the dynamics of the CdSe and ZnO bleach features, as shown in Figure 4-4(e,f). Dynamics 
without CdS are similar, as shown in Figure B-2. With CdS, the CdSe bleach appears instantaneously and 
reaches a maximum at 0.2 ps for the ETA architecture, likely limited by our instrument response, before 
decaying. The onset of the ZnO bleach occurs simultaneously as carriers are photoexcited in CdSe and then 
injected into ZnO, and also reaches a maximum within 1 ps. For comparison, we also show the dynamics of 
the CdSe film excited under similarly high fluence, which was necessary to generate sufficiently large 
differential absorption in the ETA samples. The CdSe/ZnO sample exhibits a peak much sooner after 
photoexcitation than the bare CdSe film (<1 ps vs 3.4 ps). The CdSe film shows a relatively slow rise to a 
maximum (τrise=0.6 ps) followed by decay due to Auger recombination that occurs over tens of 
picoseconds. In contrast, the ETA architecture also enables the ultrafast removal of electrons from the CdSe 
conduction band via transfer into ZnO. Since this decay channel occurs with time constant similar to the 
rise time constant, the band edge electron density reaches a maximum at much earlier times. We note that 
all of the kinetic data in Figure 4-4e is obtained from the peak of the appropriate bleach feature, which can 
shift in wavelength due to carrier cooling over the first few picoseconds. These data confirm that electrons 
are injected from the CdSe shell into the ZnO nanowires on sub- or single-picosecond time scales, which is 
consistent with injection times for solar cells comprised of CdSe quantum dots on ZnO or TiO2 
scaffolds
52,74,75
 and a bit faster than injection from In2S3 into ZnO nanowires, as measured by terahertz 
spectroscopy.
76
 The similarity in dynamics between ETA architectures with and without CdS confirms that 
CdS does not inhibit electron transfer. 
The characteristic electron injection time of ~1 ps is more than three orders of magnitude faster 
than the bulk lifetime of ~2 ns. Extremely fast electron injection time compared to bulk lifetime is evidence 
that the ETA cells studied have highly efficient electron transfer from CdSe to ZnO. A diffusion length of 
43 nm is obtained from the 1 ps characteristic time and the electron mobility in bulk crystal CdSe (720 
cm
2
V
-1
s
-1
).
73
 This diffusion length is larger than the total thickness of the CdSe coating, 15 nm, verifying 
that electron transfer is not limited by transport to the CdSe/ZnO interface.  
The dynamics of the bleach decays in Figure 4-4f indicate that electron lifetime is dramatically 
increased by spatial separation into ZnO. The decay of the CdSe bleach is much faster in the ETA 
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architecture than in the planar films because of the additional channel of interfacial electron transfer. 
However, once rapidly injected into ZnO, the electrons remain in the conduction band for orders of 
magnitude longer. Electrons also exist in this charge-separated state for much longer than photoexcited 
electrons in the bare CdSe film. The primary recombination mechanism in the coated nanowires is likely 
interfacial recombination between electrons in the ZnO conduction band and holes in the CdS valence 
band. This mechanism would be mitigated in a fully functional ETA cells because of subsequent electron 
collection at the FTO electrode and hole transfer into the liquid electrolyte. 
4.3.4. Effect of Electrolyte on Ultrafast Dynamics 
In addition to electron transfer into ZnO, charge separation also depends on efficient hole transfer 
to oxidize the redox couple in the electrolyte. Direct measurement of hole transfer by probing the absorber 
has previously been reported for Sb2S3 interfaced with CuSCN.
77
  However, the contribution of holes to the 
TA signal in CdSe is negligible because of the asymmetric degeneracy of the band structure.
67,68
  The 
ferri(o)cyanide redox couple did not show any signature in the accessible spectral region that would 
indicate the oxidation state. Phenothiazine does have a characteristic photoinduced absorption at 520 nm 
when oxidized and has been used to probe hole transfer in solutions of CdSe quantum dots.
78
 
Unfortunately, our CdSe films and ETA samples immersed in a saturated solution of phenothiazine in 
hexane did not exhibit any such observable features, so hole transfer could not be measured for these 
samples. 
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While hole transfer could not be measured, CdSe immersed in the ferri(o)cyanide electrolyte did 
reveal significant changes in dynamics upon prolonged illumination that can be attributed to additional 
electron trapping due to photodegradation. The films were pumped at 480 nm with a pulse energy of 4 J 
cm
-2
, with pump incident on the fluid side. Figure 4-5a shows the dynamics of ΔA probed at the CdSe band 
edge (720 nm) for 150 nm CdSe films interfaced with electrolyte for several consecutive scans in real time, 
along with data for CdSe in air collected before immersion. For each scan, the order of collecting the data 
at different delay times was randomized to eliminate correlations of TA dynamics to real time within a 
single scan. Each scan required ~10 minutes to collect.  
The first scan in electrolyte was not significantly different than in air. However, subsequent scans 
monotonically exhibited faster dynamics. We speculate that interaction of photoexcited carriers and the 
redox couple lead to higher densities of surface traps due to photodegradation, giving rise to a new (or 
faster) decay channel of surface trapping/recombination of electrons and, hence, faster dynamics, as 
illustrated in Figure 4-5b. Annealing in air may create a thin oxide surface layer that initially passivates 
Figure 4-5 (a)  TA dynamics of CdSe films (150 nm thick) in air and in ferri(o)cyanide with multiple consecutive 
scans. CdSe films were pumped at 480 nm with a 4 μJ/cm2 pulse energy and probed at 720 nm. (b) Schematic of 
surface recombination before (left) and after (right) prolonged illumination in electrolyte. 
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surface recombination. Improved carrier lifetime and Voc with air anneal compared to nitrogen anneal was 
recently reported by Kirmayer et al. for TiO2/CdSe/CuSCN ETA cells.
19
 
The outer oxide layer and eventually the underlying CdSe can undergo photocorrosion, 
particularly under the high-intensity illumination conditions of the TA experiments. As the outer oxide 
layer is etched away, the CdSe itself begins to corrode, creating a highly defective surface for trapping and 
recombination of electrons and holes. This behavior becomes evident by scan 3 in Figure 4-5a and is 
consistent with previous reports by Zidek et al. on scan-to-scan changes in ultrafast dynamics due to 
photodegradation for CdSe quantum dot-sensitized ZnO nanowires in high and low oxygen atmosphere.
79
 
Instability of the semiconductor-electrolyte interface is a significant concern for semiconductor-sensitized 
nanostructured solar cells. CdSe is more stable in polysulfide electrolyte,
14,80
 but polysulfide strongly 
absorbs blue and UV light and inhibits probing electron injection into ZnO with TA. 
4.4. Conclusion 
Charge transfer and recombination were investigated in CdSe-coated ZnO nanowire ETA solar 
cells by measuring carrier dynamics on picosecond to nanosecond time scales using transient absorption 
spectroscopy. By designing appropriate planar and nanowire-based samples, characteristic times for 
photoexcited carrier lifetime and interfacial electron transfer could be distinguished. The interfacial 
electron transfer time of ~1 ps is much faster than the carrier lifetime of ~2 ns, confirming that electron 
transfer is very efficient in CdSe-sensitized ZnO nanowires. While interfacial hole transfer could not be 
measured by TA, the evolution of the carrier dynamics over prolonged light exposure indicated that 
photodegradation results in additional undesired electron trapping at the electrolyte interface. Given that 
our earlier work determined that 80 nm was the optimal thickness of planar electrodeposited CdSe films,
12
 
with thicker films suffering from losses in hole collection, it is reasonable to conclude that hole transfer 
may be partially limited by both slow diffusion to the electrolyte interface and slow kinetics of the surface 
reaction to oxidize the reduced ferricyanide. Nanostructuring allows the thickness of CdSe to be reduced to 
allow for holes to reach the electrolyte interface while achieving high light harvesting efficiencies not 
possible in a planar structure. While the optimal thickness will vary depending on material quality, we 
demonstrate the value of an approach that combines both device measurements and ultrafast spectroscopy 
for identifying factors that limit solar cell performance.  
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Chapter 5. Charge Transport and Interfacial Recombination in CdSe-coated 
ZnO ETA cells
iii
 
5.1. Introduction 
The goal of this chapter was to understand the dependence of electron transport and recombination 
dynamics on the relative size of the absorber thickness and the depletion width in extremely thin absorber 
(ETA) solar cells A few studies of the fundamental charge transport and interfacial recombination 
processes within ETA cells have been published,
19,29,81,82
 but elucidating the dependence on absorber 
thickness will aid the community by providing guidelines for cell design. 
Charge transport and interfacial recombination within ETA cells are expected to occur on the 
microsecond to millisecond timescale and can be measured by optical and electrical modulation 
techniques.
83
 For example, electrochemical impedance spectroscopy (EIS), transient photovoltage decay 
(TPV), and transient photocurrent decay (TPC) have been used to characterize electron transport and 
recombination in dye sensitized solar cells (DSSCs) and solid state ETA cells based on ZnO 
nanowires.
29,84–86
  It is often assumed that TPC at short circuit provides the characteristic time for charge 
collection while TPV at open circuit provides the characteristic time for recombination, although this 
simplification can overlook important changes in dynamics with applied bias.
83,87–89
 Reports on liquid 
junction ETA cells have been much less frequent than on their solid-state counterparts, but significant 
differences are expected between liquid junction and solid state ETA cells.
82,90
 Thus, separate studies on 
liquid junction ETA cells are required to understand their charge carrier dynamics. 
In this chapter, we report on carrier dynamics in liquid junction ETA cells comprising a ZnO 
nanowire scaffold coated with an ultrathin (5 nm) CdS buffer layer and a CdSe absorber layer (10 - 40 nm) 
infiltrated with polysulfide electrolyte. EIS measurements revealed strong dependence of the recombination 
resistance on applied bias for absorbers that are much thinner than the depletion width determined by Mott-
Schottky analysis, and smaller but nearly constant recombination resistance for thicker absorbers. The 
combination of these photoelectrochemical techniques indicates that radial penetration of the depletion 
                                                          
iii
 Adapted from: M.E. Edley, T.Z. Jones, and J.B. Baxter, "Influence of Depletion Width on Charge Transport and 
Interfacial Recombination in Extremely Thin Absorber Solar Cells," J. Electrochem. Soc., 163, 133 (2016) 
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region into the nanowire scaffold plays an important role in both charge transport and interfacial 
recombination in liquid junction ETA cells. 
5.2. Experimental 
5.2.1. Photoelectrochemical Characterization 
All electrochemical measurements were performed in a 3-electrode conﬁguration. The ETA 
photoanode was the working electrode, with a saturated Ag/AgCl reference electrode (Pine Instruments) 
and a Pt-wire counter electrode. The aqueous polysulﬁde electrolyte contained 0.5 M Na2S with 0.5 M S 
and 0.1 M NaOH. The electrolyte’s redox potential was measured to be −680 mV versus a Ag/AgCl 
reference electrode. A Gamry Reference 600 potentiostat was used to control the current or voltage. The 
active area of the working electrodes was conﬁned with electroplater’s tape to be 0.25 cm2. 1-sun 
illumination with intensity of 100 mW/cm
2
 was generated with a Xe lamp and AM1.5 ﬁlter. Photoanodes 
were illuminated through the substrate to avoid light absorption by the polysulﬁde electrolyte, which 
absorbs strongly at wavelengths below 520 nm. 
Transient photovoltage/photocurrent (TPV/TPC) experiments were performed by illuminating the 
photoanodes with a white light bias of 0.5 sun and a superimposed 658 nm laser (Newport LQA65865E). 
TPC measurements were taken while the potentiostat held the working electrode at short circuit (−680 mV 
vs Ag/AgCl) and TPV measurements were taken while the potentiostat held the working electrode at open 
circuit (zero current between working and counter electrode). Laser output was adjusted using an Agilent 
E3631A DC power supply and SRS DS340 function generator. A square wave was used with a frequency 
of 100–200 Hz for TPC and 0.5–2.5 Hz for TPV. Neutral density ﬁlters were used to limit the laser’s power 
to contribute ∼10% of the steady state photocurrent at 0.5 sun for each sample. During the laser 
modulation, an oscilloscope (Tektronix TDS1012B) was used to track and record the corresponding 
photocurrent or photovoltage. TPV measurements were made with direct connection between potentiostat 
voltage and oscilloscope. TPC signals were converted to voltage with a SRS SR570 preampliﬁer and then 
sent to the oscilloscope to be recorded. 
Electrochemical impedance spectroscopy (EIS) was performed in the dark and under 1 sun 
illumination. EIS was measured every 50 mV from −680 mV to −1220 mV vs Ag/AgCl. The frequency 
was varied from 50 mHz to 500 kHz, with an AC voltage of 20 mV. Photoelectrochemical measurements 
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were generally performed on at least three different samples of each type to ensure reproducibility and 
gather statistics. 
5.3. Results and Discussion 
Photoanodes comprising ZnO nanowires with CdSe coatings of varying thickness were compared 
in three-electrode conﬁguration to minimize any effects of the counter electrode.91  ZnO nanowire arrays 
were designed to have characteristic length of either 500 or 1000 nm, with diameters of∼50 nm. A sub-5 
nm CdS layer was deposited on the ZnO to facilitate nucleation of CdSe and to reduce shunting in the ETA 
cells. CdSe absorber coating thicknesses were controlled to be ∼10, 17, 30, and 40 nm by the amount of 
charge passed during electrodeposition and subsequently conﬁrmed by SEM.  A schematic of the ETA cell 
architecture and representative SEM images are shown in the Supporting Information-Appendix C, Figures 
C-1 and C-2, along with a description of the method for determination of CdSe thickness. The focus of this 
study is on the dynamic processes of charge transport and interfacial recombination within the photoanode 
of CdSe-CdS-coated ZnO nanowires, so 3-electrode measurements were used to eliminate effects of the 
counter electrode. However, we have previously reported on 2-electrode cells using the same photoanodes 
and ferri(o)cyanide electrolyte. Those cells had typical short circuit current density (Jsc) of 6.5 mA/cm
2
, 
open circuit voltage (Voc) of 0.52 V, ﬁll factor of 0.39, and power conversion efficiency of 1.34%.22 
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5.3.1. J-V characteristics 
 
Figure 5-1 (a) J-V characteristics for ZnO/CdS/CdSe photoanodes cells with 500 nm tall ZnO nanowires, 5 nm CdS 
buffer layer, and varying CdSe absorber layer thickness under AM 1.5 illumination. (b) J-V curves for the same cells in 
the dark. Three replicates of each CdSe thickness were measured, and a representative curve is shown here. (c) Jsc and 
shunt resistance plotted against CdSe thickness for ETA photoanodes with 500 nm ZnO nanowires coated with a 5 nm 
CdS buffer layer and a CdSe absorber layer. Markers show the average of three samples, and error bars are one 
standard deviation.  
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Figure 5-1 displays J-V characteristics of CdSe-coated ZnO nanowire-based ETA photoanodes in 
a polysulﬁde electrolyte with different CdSe thicknesses under AM1.5 illumination and in the dark. The Jsc 
of the photoanodes under illumination increases as CdSe thickness increases from 10 to 30 nm due to an 
increase in light-harvesting efficiency, reaching a maximum of 3.1 mA cm
−2
, as shown in Figure 5-1. We 
have previously reported on the light absorbing properties of electrodeposited CdSe absorbers, both as 
planar ﬁlms and extremely thin coatings on nanowire arrays.12  Despite additional light harvesting, thicker 
absorbers exhibit lower Jsc because of limitations in charge collection. The slope of the J-V curves near 
short circuit indicates bias-dependent photocurrent collection that reduces the ﬁll factor and efficiency of 
these ETA anodes. The bias-dependence becomes increasingly detrimental with larger absorber 
thicknesses, as quantiﬁed by the shunt resistance in Figure 5-1c. The photovoltage decreased slightly with 
thickness larger than 10 nm, Figure B-2. Although shunting could also cause a similar slope in the J-V 
curve, we conclude that the effect was from bias-dependent collection because the dark curves in Figure 
5-1b do not show evidence of shunting. A bias-dependent photocurrent collection will appear in the light J-
V curves but not in the dark J-V curves.
92,93
 We hypothesize that carrier collection becomes inhibited as the 
depletion width shrinks to less than the absorber thickness with increasing forward bias and no longer 
penetrates the nanowire.  
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Figure 5-2 Energy diagram for CdSe-coated ZnO nanowires immersed in a polysulfide electrolyte for a "thin" and a 
"thick" CdSe thickness and two different applied biases near (a,b) "short circuit" and (c,d) "open circuit" conditions. 
Penetration of the depletion region radially into the nanowire can have significant effect on charge transport and 
recombination. The schematic assumes negligible conduction band offset between ZnO and CdSe.7 
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Figure 5-2 shows a sketch of energy levels near short circuit and near open circuit for a “thin” and 
“thick” CdSe coating on a ZnO nanowire in contact with polysulﬁde. The depletion region may or may not 
extend into the nanowire, depending on the relative magnitudes of the bias-dependent depletion width and 
the absorber thickness. Mott-Schottky analysis of the CdSe revealed a depletion width of ∼45 nm and n-
type carrier density of 10
17
 cm
−3
. The Mott-Schottky plot is shown in Figure C-3 and is consistent with the 
work of Rajeshwar.
94
  The depletion region extends signiﬁcantly into the ZnO nanowires for the thinnest 
CdSe ﬁlms (10 nm) over a wide range of applied voltage. However, the depletion width is comparable to 
the largest CdSe thickness (40 nm) at short circuit, and becomes much smaller than the thickness with 
forward bias. Mott-Schottky analysis, using the approach of Bisquert et al.,
95
 revealed free carrier 
concentration in ZnO nanowires to be 10
18
 cm
−3, so a small radial ﬁeld can penetrate into the outer portion 
of the nanowire. Assuming bulk mobility values for CdSe and our preliminary lifetimes measurements of 
∼1 nanosecond, characteristic diffusion lengths of electrons and holes are both larger than all CdSe 
thickness used here, so charge separation across the absorber does not appear to be limiting even if the 
depletion width is small. However, penetration of the depletion region into the nanowire can play an 
important role in subsequent electron transport and interfacial recombination, vide infra. 
5.3.2. Charge transport  
For an ETA cell to operate efficiently, charge transport of photoexcited carriers has to compete 
favorably against interfacial recombination. Interfacial recombination has been shown to be one of the 
major causes of poor performance in ETA cells because of their large interfacial areas.
4
  To assess the 
charge collection in ETA anodes, TPC has been used to measure electron transport time and EIS/TPV have 
been used to measure interfacial recombination resistance and lifetime. Such optoelectronic 
characterization techniques that use small perturbations in light intensity or applied voltage and probe 
corresponding electrical transients have been highly beneficial in understanding electron transport and 
recombination in dye sensitized solar cells.
82,96,97
 
We used TPC measurements of CdSe/CdS-coated ZnO nanowire ETA anodes to determine the 
influence of absorber thickness and nanowire length on electron transport times in ETA cells.  
 
  
65 
 
Figure 5-3 Electron transport times as a function of CdSe thickness, as measured by TPC at short-circuit for CdSe-
coated ZnO nanowires 500 nm in length and ~50 nm diameter. Error bars are the standard deviation taken from three 
samples at each thickness, the markers are the average transport time between the three samples. Inset shows the 
transient photocurrent and exponential fit for a sample with a 10 nm CdSe coating. 
Figure 5-3 shows the electron transport time constants, τt, which are in the range of 30 - 80 μs, for 
four different CdSe thicknesses on 500 nm long ZnO nanowires. A single exponential decay was fit to the 
photocurrent transients to extract τt  at short circuit. Fits represented the data well, and an example is shown 
in the inset of Figure 5-3. When the CdSe layer is thin (<20 nm) the time constants are ~75 μs and 
independent of thickness. The time constant decreases as the absorber thickness increases, reaching 35 μs 
for a thickness of 40 nm. This result was initially surprising since transport times decrease despite the 
additional distance to travel, and since the high electron mobility (720 cm
2
 V
-1
 s
-1
 in bulk)
40
 and small CdSe 
thickness should result in transit times across CdSe that are negligibly small anyway, on the sub-
nanosecond time scale. However, smaller CdSe thicknesses result in more significant radial penetration of 
the depletion region into the ZnO nanowire, decreasing the effective core area for axial electron diffusion 
and increasing transport time. The ZnO nanowires had average diameters of ~50 nm, so a depletion region 
that penetrates 5 nm to the ZnO would reduce the non-depleted core area by 36%. While the presence of 
this radial field at the ZnO-CdS(Se) interface may beneficial for preventing interfacial recombination, it 
appears that it can also limit transport if too much of the nanowire's periphery is depleted. 
Similar TPC measurements on photoanodes with 1000 nm long ZnO nanowires revealed time 
constants on the order of hundreds of microseconds, with transport time again decreasing with thicker CdSe 
absorber (Figure C-4). The transport time constant depended on nanowire length (L) according to τ ~ L2.8. 
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It is not surprising that an increase in path length (nanowire length) increases the time required for 
transport. However, the expected exponent for transport in one dimension is 2 for diffusion and 1 for drift. 
so the power dependence on length is remarkably high. Additionally, the expected characteristic time for 
diffusion is only ~4 ns for micron-long nanowires with mobilities of 100 cm
2
 V
-1
 s
-1
 typical of ZnO 
nanowires.
98
  Nonetheless, time constants were comparable with those measured in the literature. For 
example, Martinson et al. measured transport time constants of 74 μs for DSSCs based on 4.5 μm long and 
150 nm diameter ZnO nanowire arrays, using intensity modulated photocurrent spectroscopy (IMPS).
24
  
We also measured characteristic transport times by IMPS and found that they were similar to those 
measured by TPC. We conclude that the extraordinarily slow transport times could be related to the RC 
limitations related to the depletion region in the ZnO/CdS/CdSe or coupled ion transport. 
5.3.3. Interfacial recombination 
Assessing charge collection efficiency of an ETA cell requires measurement of characteristic 
interfacial recombination times along with charge transport times. As electrons diffuse axially down the 
ZnO nanowires, charge collection efficiency will suffer if electrons interact with the ZnO/CdS(Se) interface 
where they can be trapped and recombine. Since ZnO and CdSe have similar conduction band energies,
7
 
electrons can also back inject into CdSe and then recombine at bulk defects or at the electrolyte interface. 
The large interfacial areas in ETA cells increase the signiﬁcance of interfacial recombination compared to 
planar cells.  
Interfacial recombination was measured by TPV to determine the inﬂuence of CdSe thickness on 
interfacial recombination times in our ETA photoanodes. Since TPV is measured at open circuit, near the 
ﬂatband potential, there is little band bending and the depletion region is substantially smaller than at short 
circuit. Without an electric ﬁeld to repel electrons away from the ZnO/CdS(Se) interface, they are free to 
diffuse toward this interface and recombine.
23
  TPV measurements revealed two distinct time constants for 
all CdSe absorber thicknesses. A bi-exponential model: 
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was used to ﬁt the photovoltage transients at open circuit. The two characteristic recombination time 
constants extracted from the model are shown in Figure 5-4. 
 
Figure 5-4 Fast (solid symbols) and slow (open symbols) recombination time constants plotted against CdSe thickness, 
as measured by TPV at open-circuit for CdSe-coated ZnO nanowires 500 nm in length and ~50 nm diameter. Error bars 
are the standard deviation taken from three samples at each thickness; the markers are the average time constant 
between the three samples. Inset shows the photovoltage transient and fit for a CdSe thickness of 30 nm. 
The fast recombination time constant, τr,f, is 2–8 ms, and the slow recombination time constant, 
τr,s, is 10 – 80 ms. Both time constants increase with increasing CdSe thickness. Bulk recombination in 
CdSe occurs on nanosecond timescales, so we presume that the recombination measured here is interfacial. 
A similar study of ETA cells comprised of TiO2 nanoparticles coated with CdSe and inﬁltrated with 
CuSCN also found time constants between 1–10 ms, which they attributed primarily to back recombination 
of electrons from TiO2 into CdSe.
19
 The fast recombination process will limit collection efficiency and will 
be the focus of the recombination analysis in this work. The fast process contributed 50–60% of the decay, 
except for the thinnest coatings, which had nearly 100% of the weight from the fast process. At small 
thicknesses (<20 nm), the recombination times were independent of CdSe shell thickness. Beyond 20 nm, 
an increase in thickness corresponded to an increase in τr,f. Fast recombination time constants in the 
thinnest films may be due to pinholes or other nonuniformities caused by short deposition times. 
Electrodeposition of CdSe results in nucleation of separate islands that then coalesce into a continuous 
layer, so a ﬁlm with an average thickness of 10 nm may actually have a signiﬁcant density of pinholes and 
thin regions.
36,37
 Although this is partially mitigated by the use of a CdS interlayer, the interface is more 
prone to recombination for the thinnest CdSe coatings since at open circuit there is no depletion region to 
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conﬁne electrons to the ZnO. For all CdSe thicknesses, recombination at open circuit was two orders of 
magnitude slower than transport at short circuit, suggesting charge collection should be efficient regardless 
of absorber thickness. The thickest CdSe shells had the fastest τt (35 μs) and the slowest τr,f (8 ms), 
suggesting that these anodes should operate with the highest charge collection efficiency. However, J-V 
characteristics revealed that the thickest CdSe coatings resulted in ETA cells with the worst ﬁll factors, 
indicating that comparison of transport at short-circuit with recombination at open-circuit does not 
accurately reﬂect solar cell performance for these types of cells. The choice of short circuit and open circuit 
for TPC and TPV measurements, respectively, was made to simplify the subsequent analysis. TPC is 
typically measured at short circuit because the decay in photocurrent at this potential is due exclusively to 
carrier transport through the cell and external circuit. TPV is done at open circuit because carriers cannot be 
collected, and thus the decay in photovoltage is from the recombination of photoexcited carriers. The 
widespread application of these techniques in the DSSC ﬁeld has allowed others to compare directly 
TPC/TPV decay times (or time constants from IMPS/IMVS) to assess charge collection efﬁciency.83,99,100  
While simple, the direct comparison of TPC and TPV measurements at short circuit and open 
circuit may not be suitable for assessing charge collection in ETA cells. In ETA cells, the depletion width 
changes as the bias voltage moves from short circuit to open circuit. In DSSCs, the small TiO2 
nanoparticles are fully depleted, and changing the bias voltage moves the Fermi level of the nanostructured 
scaffold relative to the redox potential of the electrolyte,  but it does not alter the molecular dye 
absorber.
101,102
 When applying these methods to semiconductor sensitized solar cells based on nanowires, 
the importance of analyzing carrier dynamics at all voltages becomes more significant. Performing TPC 
and TPV at voltages other than short circuit and open circuit respectively can be tricky and complicates the 
analysis. Galvanostatic TPV at short circuit can be difficult because small changes in the light intensity 
generally lead to large changes in photovoltage.
83
 Interpretation of TPC near open circuit voltage can also 
be difficult due to loss of carriers via recombination.
103
 Instead, we applied bias-dependent EIS to further 
assess interfacial recombination in the ETA photoanodes. 
Bias-dependent EIS was applied to ETA anodes with varying CdSe thickness to investigate the 
bias dependence of recombination. Nyquist plots of the impedance data showed a single flattened 
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semicircle whose radius decreased with forward bias for all CdSe thicknesses.   
 
 
Figure 5-5 Representative Nyquist plots of EIS data taken for an ETA anode consisting of 500 nm long ZnO and 30 nm 
CdSe thickness under 1 sun illumination. Inset in the top right is the equivalent circuit model used to fit the impedance 
data, consisting of a modified Randles cell with a CPE in place of the capacitor. 
 Figure 5-5 shows these data for an ETA cell with 30 nm CdSe coating; Nyquist plots for other samples are 
shown in Figure C-5. An equivalent circuit model consisting of a modified Randles cell with a constant 
phase element (CPE), inset of Figure 5-5, was used to ascribe physical phenomena to the impedance data. 
A CPE is required instead of a true capacitor when the Nyquist plot shows a suppressed semicircle,
29
 as 
seen in the ETA cell's impedance spectra.  
Our impedance data are consistent with previous EIS studies to understand charge transport and 
interfacial recombination in ETA cells.
29,81,82
 The Bisquert group interpreted the impedance of ETA cells 
with CdSe-coated ZnO nanowires and CuSCN as hole transport material using a similar equivalent circuit 
model. Their model required an additional Warburg impedance for hole diffusion through the CuSCN to fit 
a second semicircle in the Nyquist spectrum. That second semi-circle is absent from our impedance spectra 
because we substituted a liquid electrolyte for CuSCN and performed measurements in a three-electrode 
configuration; hence, no additional circuit elements are required. The single semi-circle in our Nyquist 
plots, which has a characteristic frequency that varies with bias and is in the range of 50 to 0.25 Hz at open 
circuit, is attributed to charge transfer at the CdSe-coated ZnO nanowire-electrolyte interface. The 
recombination time calculated at open circuit from the EIS data, Figure C-6, is consistent with the fast time 
constant measured by TPV. This was expected due to the link between these perturbation techniques.
104
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Figure 5-6 Recombination resistance of ETA anodes with varying CdSe thickness extracted from bias-dependent EIS 
(a) under 1 sun illumination and (b) in the dark. Data are shown over a range up to the open circuit voltage, which 
varies by sample. Markers show the average resistance from three samples and error bars are the standard deviation of 
the three samples. 
Resistance values extracted from the impedance arc represent the recombination resistance of the 
CdSe-coated ZnO nanowire anodes. The recombination resistance measured by EIS is shown in Figure 5-6 
for both light and dark conditions. The magnitude of the recombination resistance decreased under 
illumination due to an increase in carrier density, which results in increased recombination.
29
  The 
recombination resistance in the light suggests large differences in charge transfer can be expected with 
CdSe thickness, while the dark measurements suggest charge transfer is not strongly dependent on CdSe 
thickness. This finding is in agreement with the light and dark J-V characteristics which show bias-
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dependent current collection under the light conditions but do not show evidence of shunting in the dark. 
The Rs element, typically between 20-35 ohms, was independent of applied bias. 
Under 1 sun illumination, the recombination resistance is dependent on both the bias potential and 
the CdSe shell thickness. As the forward bias is increased, the recombination resistance of the thinnest (<20 
nm) coatings decreases. However, the resistance of the thick (>20 nm) coatings is nearly independent of 
bias up to the open circuit voltage. A comparison of all thicknesses at short circuit under illumination 
shows that the thinnest coatings have the highest recombination resistance. These results are in agreement 
with J-V characteristics that show that the thinnest coatings yield the largest fill factor. However, near open 
circuit, the recombination resistance increases with coating thickness, which is in agreement with the TPV 
results at open circuit. This apparent discrepency can be resolved through consideration of the relative sizes 
of the absorber thickness and the bias-dependent depletion width. 
A depletion region that extends into the ZnO nanowire enhances recombination resistance by 
repelling electrons away from the ZnO/CdS(Se) interface. The depletion width in CdSe is ~40-50 nm and 
thus can only penetrate the ZnO if the CdSe coating is thin enough. The depletion region shrinks as open 
circuit is approached, and the recombination resistance decreases significantly for the thinnest absorbers as 
the depletion width shrinks to less than the absorber thickness. In contrast, the recombination resistance of 
the thickest coatings is nearly independent of bias because the depletion region does not extend into the 
ZnO even at short circuit (-680 mV vs. Ag/AgCl). The strong bias-dependent collection for the thickest 
absorbers in Figure 5-1 is caused by the absence of an electric field in the ZnO to repel electrons from the 
ZnO/CdS(Se) interface. A depletion region that extends into the ZnO nanowire was revealed to facilitate 
charge collection by suppressing interfacial recombination. 
5.4. Conclusion 
Electron transport and interfacial recombination in CdSe-coated ZnO nanowire ETA photoanodes 
were investigated by measuring microsecond to millisecond scale carrier dynamics. Comparison of 
photoanodes with different CdSe thicknesses from 10 – 40 nm showed maximum Jsc at intermediate 
thickness but bias-dependent collection that became increasingly detrimental with increasing thickness. 
Transient photocurrent decay at short circuit  showed that transport times decreased from 70 to 35 µs as 
CdSe thickness increased, and transient photovoltage decay at open circuit indicated that the characteristic 
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interfacial recombination times increased from 2 to 10 ms with increasing CdSe thickness. ETAs with 40 
nm CdSe absorbers had the fastest transport times and longest interfacial recombination times, suggesting 
the most efficient charge collection. However, this observation contradicts the evidence from J-V 
characteristics because the comparison of transport at short circuit with recombination at open circuit does 
not consider how transport and recombination change with the bias-dependent depletion width.  
Bias-dependent EIS measurements revealed that, near short circuit, the recombination resistance 
was higher in thinner films because the depletion region penetrates into the ZnO nanowire, and the radial 
electric field inhibits recombination. Near open circuit where the bands are flatter, the depletion region does 
not reach the nanowire interface, and, consequently, thicker absorbers block recombination more 
effectively than thinner ones. ETA cells with the thinnest absorbers had the largest fill factors because of 
their higher recombination resistance near short circuit. 
This study reveals two important conclusions about ETA cell carrier dynamics and cell design. 
First, when assessing carrier collection efficiency in an ETA cell, it is crucial to evaluate dynamics at 
multiple potentials, and caution should be taken when directly comparing between measurements at short 
circuit and open circuit. Second, the relative sizes of the absorber thickness and the depletion width is 
critical to both carrier transport and interfacial recombination in ETA solar cells. To maximize carrier 
collection, the depletion region should extend far enough into the nanostructured transport layer to suppress 
interfacial recombination while allowing for a sufficiently large non-depleted core to avoid inhibiting 
carrier transport. These conditions can be met by thoughtful design of the dimensions of both the absorber 
thickness and the nanowire diameter in concert with consideration of other design constraints such as 
maximizing light harvesting and charge separation in the absorber. 
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Chapter 6. Solution Processing of CuSbS2 Films and Characterization for 
Solar Cell Applications
iv
 
6.1. Introduction 
In this chapter solution processing of CuSbS2 via CBD and colloidal hot-injection are investigated. 
CuSbS2 is characterized for use as a thin film solar cell absorber material. Thin film solar cells are one 
promising technology for relaxation of material processing requirements and, thus, cost reduction. Cu-
based materials have shown particular promise. CuInxGa(1-x)Se (CIGS) has been heavily researched for 
three decades and has achieved cell efficiencies of 22.6%.
105
 However, presence of the rare Earth metals In 
and Ga gave rise to concerns about the viability of use for global power generation. Cu2ZnSn(S,Se)4 
(CZTSSe) is being pursued as a more earth-abundant option to CIGS. CZTSSe has benefited from the vast 
knowledge base on CIGS and attained efficiencies of 12.6%.
106
  Performance has stagnated, partly because 
of deep traps that are difficult to control due to the complex chemistry of the quaternary system. CuSbS2 is 
a ternary compound that has an optimal band gap (1.5-1.6 eV), high absorption coefficient, low 
conductivity, and non-toxic, earth-abundant constituent elements.
107
 Additionally, CuSbS2 has a simpler 
chemistry than the quaternary CZTSSe, and may be easier to control. CuSbS2 has analogous chemistry to 
CuInSe2, and like CZTSSe, may be able to take advantage of the extensive knowledge base on CIGS.  
The current state of the art for depositing films of CuSbS2 utilizes electrodeposition of Cu and Sb 
metals followed by sulfurization or co-sputtering of Sb2S3 and Cu2S.
108,109
 The electrodeposition method 
yielded solar cells that were 3.1% efficient. Losses in the external quantum efficiency at energies above the 
band gap suggest the solar cells performance was limited by minority carrier diffusion.
108
  For co-sputtered 
films, the Zakutayev group reports carrier concentrations on the order of 10
16
 cm
-3
, and a Hall effect 
mobility  of 0.2 cm
2
/V s, which are comparable to CIGS values, providing further promise of CuSbS2 as an 
absorber material for solar cells.
109
 During the preparation of this manuscript, the same group reported 
carrier lifetimes of 0.7 ns and a mobility of 4 cm
2
/V measured by ultrafast terahertz spectroscopy.
110
  With 
the exception of this recent work by the Zakutayev group, the literature is lacking in direct characterization 
of CuSbS2 for solar cell applications. 
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The objective of this work was to investigate solution processing methods for fabrication of 
CuSbS2 and provide further characterization for solar cell applications. Our approach uses either Chemical 
Bath Deposition (CBD) or colloidal hot-injection synthesis of CuSbS2 nanoplates. CBD is a scalable, 
inexpensive, solution processing technique for deposition of semiconductor materials. Direct solution-
processing of the ternary chalcostibite phase is desirable but has not been realized with good control over 
CuSbS2 properties.  A bi-layer approach was taken following the work by Septina et al on electrodeposited 
films.
108
  In the CBD approach we deposited the binary sulfides, CuS and Sb2S3, and then used a thermal 
annealing strategy to fabricate the ternary CuSbS2. Difficulties in simultaneously controlling both the 
morphology and phase purity were encountered due to outgassing of volatile components Sb2S3 and S and 
the formation of Cu1.8S impurity phase. 
Colloidal hot-injection synthesis of CuSbS2 nanocrystals and their fabrication into mesoporous 
films was also pursued as a method for direct synthesis of the ternary phase. The nanoplates had 
dimensions of 300 nm by 400 nm with a thickness of 50 nm when synthesized for 30 minutes at 220° C and 
were capped with the insulating oleylamine synthesis ligand. Optoelectronic applications require ligand 
exchange strategies to form semiconducting mesoporous films with electronically coupled nanocrystals. 
Both the solid-state and solution based approaches were used to replace the native oleylamine ligand with 
S
2-
. Ligand exchange increased the four point probe conductivity by two orders of magnitude. Two 
fabrication routes were developed for processing the ink-like colloidal dispersion into conductive films. 
Fabrication route I utilized convective assembly to deposit as-synthesized nanocrystals into mesoporous 
films that were subsequently exchanged with the solid-state strategy. In fabrication route II ligand exchange 
with S
2-
 was performed in solution which created electrostatically stabilized dispersions of nanoplates in 
formamide. The S
2-
 nanoplates were deposited into mesoporous films from formamide by electrophoretic 
deposition (EPD). EPD at 5 V in formamide selectively deposited CuSbS2 without Cu1.8S impurity phases 
due to differences in the electrophoretic mobilities. Intracrystal photoexcited carrier lifetimes were 
measured with time-resolved terahertz spectroscopy to have multiple processes at different time scales. The 
fastest process occurred with a time constant of 6 ps and is likely due to trapping while the slowest process 
had a time constant of 1360 ps which is almost twice as long as that measured for co-sputtered films.
110
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6.2. Experimental Methods 
Films were deposited on F:SnO2-coated glass (15 ohm/sq, Hartford Glass), soda-lime glass, and 
quartz substrates. All substrates were cleaned by successive sonication at 60 °C for 15 min in 20% 
CONTRAD 70 (Decon Laboratories), 1:1 acetone:ethanol, and 1 M hydrochloric acid. The substrates were 
then thoroughly washed with DI water and dried with nitrogen gas. 
6.2.1. CuS Films 
CuS films were fabricated on F:SnO2-coated (FTO) glass substrates (15 Ω/sq, Hartford Glass). 
Chemical bath deposition (CBD) of CuS films was carried out following a procedure reported by Kim et al, 
with a solution of 80 mM Na2S2O3 and 20 mM CuSO4. pH of the solution was adjusted to 2.3 with 
hydrochloric acid.
111
  To generate the deposition bath, Na2S2O3 and CuSO4 solutions were prepared 
individually and heated to reaction temperature of 70 °C with a water bath. CuSO4 was then vigorously 
mixed into the Na2S2O3 solution and reacted for 3 hours at 70 °C, yielding a film thickness of 150 nm on 
FTO.  
6.2.2. Sb2S3 Films 
Sb2S3/CuS stacks were fabricated by depositing Sb2S3 onto CuS films on FTO substrates. CBD 
deposited Sb2S3 films following a recipe adapted from Messina et al.
112
  Bright orange-red Sb2S3 films were 
deposited via CBD at 4 °C from an aqueous solution of 28.5 mM M SbCl3 and 250 mM Na2S2O3. SbCl3 
was first dissolved in a small amount of acetone to create a 1.14 M solution. This was then vigorously 
mixed into the Na2S2O3 solution and capped for the desired reaction time, typically 4 hours which yielded 
films 250 nm thick. 
6.2.3. CuSbS2 Films From Binary Stacks of CuS and Sb2S3 Films 
The ternary CuSbS2 was fabricated via thermal annealing of a Sb2S3/CuS stack on FTO. Thermal 
annealing was carried out on a hot plate in a nitrogen atmosphere controlled by a N2 filled glovebox. In 
some cases attempts to control Sb and S outgassing were made by reducing the overhead volume with a 
glass structure. The limit of zero volume was also investigated by directly contacting a glass substrate to 
the Sb2S3/CuS stack. Typically, a diffusion step at 200 °C for 2 hours was followed by a higher temperature 
step between 300 °C and 400 °C for crystallite growth. 
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6.2.4. Mesoporous Films From Colloidal CuSbS2 
CuSbS2 nanoplates were synthesized via colloidal hot-injection. As reported by Ramasamy et al, 
0.50 mmol of Cu(acac)2, 0.50 mmol of SbCl3·6H2O, and 10 mL of oleylamine (OLA)  were used in the 
nanoplates synthesis.
113
  The mixture of metal precursors was degassed for 15 minutes and then backfilled 
with nitrogen for 15 minutes followed by heating to the reaction temperature of 220 °C. In a second 
reaction flask, 1.3 mmol of elemental sulfur was dissolved in 1 mL of OLA then degassed for 5 minutes 
and backfilled with nitrogen for 5 minutes three times.  The reaction was initiated by injecting the sulfur 
solution into the metal precursor solution. The synthesis continued for 10 or 30 minutes at which point the 
reaction was stopped by removing the heat jacket and using a cold air gun to quickly cool the reaction 
mixture. After the reaction had cooled the nanoplatelets were washed with 15 mL of hexanes and 15 mL of 
ethanol then centrifuged at 6000 rpm for 5 min. This process was repeated 3 times. After washing, the 
nanoplatelets were typically dispersed in chloroform or hexanes. 
6.2.5. Mesoporous Film Fabrication Route I: Convective Assembly and Solid-State Ligand-Exchange  
Convective assembly (CA) was used to deposit mesoporous films of CuSbS2 nanoplates on FTO, 
soda-lime glass, or quartz. In a typical deposition, a 0.4 mg/mL dispersion of CuSbS2 nanoplates in 
chloroform was added to a reaction vessel with a substrate at an angle of 30 degrees. As the solvent 
evaporated, CuSbS2 nanoplates were deposited at the liquid-air contact line. The solvent evaporated slowly 
over a 24 hour period leaving a uniform matte-gray film covering the substrate and reaction vessel walls. 
A 21 mg/mL solution of Na2S in methanol was used to perform a solid-state ligand exchange of 
the oleylamine ligand with S
2-
 in the mesoporous films. To exchange the ligands, the Na2S solution was 
dispensed on the substrate and allowed to soak for 1 minute, after which it was spun off at 3000 rpm for 30 
seconds. To remove unbound oleylamine and S
2-
 ligands, then two more spin-casting steps at 3000 rpm for 
30 seconds were applied with chloroform, and methanol. 
6.2.6. Mesoporous film fabrication route II: Solution Ligand Exchange and Electrophoretic 
Deposition 
A 21 mg/mL solution of Na2S in formamide was used to perform the solution ligand exchange. 
After synthesis and washing steps of the CuSbS2 nanoplates, they were dispersed in 10 mL of hexanes, and 
  
77 
then 10 mL of the Na2S in formamide solution was added slowly. The less dense dispersion of nanoplates 
in hexanes phase separated to the top while the Na2S solution settled to the bottom of the centrifuge tube. 
The mixture was vortexed for 20 minutes and then left to phase separate for another 20 minutes. After 
which, thee nanocrystals were now dispersed in the polar formamide solvent.  The hexanes were drawn off 
with a syringe and the electrostatically stabilized solution of CuSbS2 in formamide was washed by adding 
10 mL of acetonitrile and centrifuging at 6000 rpm for 5. This process was repeated 3 times. After washing, 
the S
2-
 capped CuSbS2 nanocrystals were dispersed in formamide and were stable for up to 5 days. 
6.2.7.  Material Characterization 
Due to the highly scattering dimensions of the CuSbS2 nanoplates, optical characterization of 
nanocrystal films was performed with diffuse reflectance. UV-Vis/NIR measurements were made with a 
PE Lambda-950 UV-vis-NIR spectrometer equipped with a Labsphere, Inc., 60 mm diameter diffuse-
reflectance integrating sphere and a Kubelka-Munk transformation was applied to generate a Tauc plot for 
estimation of the band gap of nanocrystal films. 
Scanning electron microscopy (SEM, Zeiss Supra 50 VP) was used to measure thickness and 
investigate the morphology of CBD and nanocrystal films. X-ray diffraction (XRD, Rigaku ) performed for 
analysis of crystal phase in grazing incidence mode for CBD films crystal and in Bragg-Brentano mode for 
nanocrystals. IR spectroscopy was done using a Thermo-Scientific Nicolet iS 50R FT-vis-IR spectrometer.  
Ultrafast terahertz spectroscopy was used to measure the time dependence of photoconductivity in 
both dispersions and films of CuSbS2 nanoplates. Measurement of dispersions in hexanes were done with a 
quartz cuvette and continous stirring. Films were measured on quartz substrates. ATi:sapphire ultrafast seed 
laser (Coheret Libra, 1 kHz reperrition rate) at 800 nm was used to generate both the pump and probe 
pulses. The pump pulse was generated with a non-linear optical parameteric amplifier (OPerA Solo). The 
probe terahertz pulse was generated and detected with a ZnTe crystal. The Terahertz spectrometer is home 
built with the details of the setup described previously.
114
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6.3. Results and Discussion 
6.3.1. CBD Films 
Although a direct solution deposition of the ternary compound CuSbS2 as a conformal film is 
desirable, it has not yet been realized. To synthesize the ternary, chalcostibite, phase via chemical bath 
deposition requires fine control over concentrations of antimony and copper to avoid formation of binary 
impurities.
115
  The  binary compounds CuS and Sb2S3 have been readily synthesized via CBD in the 
literature; however, reaction conditions are quite different due to solubilities of the metal salts and reaction 
kinetics. CuS is synthesized at 70 °C for 3 hours while the Sb2S3 reaction requires 4 °C to deposit uniform 
films on the substrate instead of quickly nucleating and precipitating out of solution.
111,112
 Common CBD 
approaches to control free concentration in solution employ ligands such as EDTA, Citrate, and NTA that 
bind based on electronegativity of the metal cation.
116,117
  These ligands will preferentially complex with 
copper rather than antimony. Therefore it is very difficult to find conditions where Cu and Sb can be 
deposited with similar driving forces. Instead, the current state of the art for solution deposition of CuSbS2 
involves electrodeposition of Cu and Sb metal stacks followed by sulfurization as reported by the Nair 
group.
108
  Solar cells fabricated with CuSbS2 absorber layers fabricated by this approach were found to 
have an efficiency of 3.1%.
108
  Our approach is to deposit stacks of the binary compounds CuS and Sb2S3 
and then use a two stage annealing strategy to form the ternary CuSbS2 compound.  
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Figure 6-1 SEM micrographs of as-grown CuS/Sb2S3 stacks on FTO substrate (a) before and (b) after (b) annealing at 
200 °C for 2 hours followed by 300 °C for 30 minutes. (c) XRD of CuS/Sb2S3 stacks with various annealing conditions. 
* denotes chalcostibite phase peaks. 
 A two stage annealing process converted CuS/Sb2S3 stacks into CuSbS2 with the inclusion of 
Cu1.8S impurity phases due to the outgassing of Sb and S. Figure 6-1 shows SEM micrographs and XRD 
patterns for CuS/Sb2S3 stacks on FTO substrates, as-grown and annealed in nitrogen at 200 °C for 30 
minutes followed by 300 °C for 30 minutes. The as-grown CuS/Sb2S3 stack is 400 nm thick, consisting of a 
150 nm CuS layer and a 250 nm Sb2S3 layer as shown in the cross-sectional SEM micrograph in Figure 
D-1. After annealing, the top-down SEM micrograph, Figure 6-1b, shows larger crystals on top of a floor 
layer. The floor-layer is coarsened after annealing compared to the as-grown, possibly because of species 
migration for crystal growth at energetically favorable sites. Thus, large crystals grow at the expense of 
uniformity in the floor-layer. Chernomordik et al have reported a similar phenomenon when annealing 
films of colloidal Cu2ZnSnS4 (CZTS) nanocrystals.
118
  In their report, nucleation and growth of large CZTS 
grains on the surface of their colloidal films occurs at the expense of the floor layer nanocrystals. They also 
report reduction in the nanocrystal film thickness and formation of cracks as material from the nanocrystal 
layer is transported for large grain growth.
118
  
XRD of the annealed CuS/Sb2S3 stacks, shown in Figure 1c, indicates that chalcostibite crystallite 
size and phase purity are dependent on annealing temperature. Annealing at 200 °C did not result in 
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formation of crystalline material. Annealing with a second temperature step of 300 °C was resulted in 
formation of the desired chalcostibite as well as the digenite (Cu1.8S) impurity phase. An increased 
temperature of 350 °C during the grain growth step resulted in sharpened chalcostibite peaks indicating 
growth in crystallites of this phase. However, higher temperatures also increased the magnitude of the 
Cu1.8S impurity peaks, presumably due to losses of the volatile Sb2S3.
109,107
  To prevent outgassing of 
volatile components, the overhead volume was reduced by enclosing the films with glass, leaving a 2.2 mm 
space between the glass and film.   
 
 
 
 
Figure 6-2 (a) CuSbS2 films on FTO annealed at 200 °C for 2 hours followed by 300 °C for 30 minutes in a glass 
enclosure with a 2.2 mm space between the film and enclosure. (b) CuSbS2 films on FTO annealed at 200 °C for 2 
hours followed by 400 °C for 30 minutes with intimate top contact to a glass substrate. (c) XRD patterns of the CuSbS2 
films in (a) and (b). 
Reduction in overhead volume was found to increase grain size and reduce formation of Cu1.8S 
phase as shown in Figure 6-2. With a crystal growth step of 300 °C the glass enclosure prevented Cu1.8S 
formation as measured with XRD in Figure 6-2c. However, larger grains on the order of the film thickness 
are desirable for use in a solar cell absorber layer. To increase grain size further, the crystal growth 
temperature was elevated to 400 °C. Even with the glass enclosure, at 400 °C the film presented out gassing 
that could be seen as a deposit on the top of the glass enclosure.  
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Attempting to increase grain size and prevent impurity formation, annealing at 400 °C was 
performed with direct contact between a glass substrate and the film, essentially reducing the overhead 
volume to zero. With an annealing temperature of 400 °C and direct glass contact, the film formed large 
crystals on up to ~500 nm in diameter, however large pinholes formed in the floor-layer. The XRD patterns 
in Figure 6-2c show a sharpening of the chalcostibite phase peaks with higher annealing temperature, 
corresponding to larger crystal grains. The films annealed at 400 °C also contained large amounts of the 
digenite phase even with intimate contact, as shown in the XRD pattern in Figure 6-2c.  
In similar chemical systems such as CIGS, it has been reported that Na diffusion into the material 
from the soda-lime glass substrates has had the effect of increasing grain size.
119
  A similar effect of Na in 
CuSbS2 was ruled out when the increased grain size was still observed with Na-free materials such as Si 
were used as the contact material. In an attempt to reduce outgassing Sb2S3, the order of the binary stack 
was reversed, depositing the Sb2S3 film first followed by the Cu2S. However, this lead to preferential 
formation of the Cu1.8S phase due to the high stability of this phase relative to others in the CuxS phase 
space.
111
 
Chemical bath deposition frequently presents a scalable and inexpensive route for processing of 
semiconductors. However, we did not find conditions that enabled deposition of CuSbS2 films with 
simultaneous control over both phase and morphology. Alternatively, colloidal synthesis of CuSbS2 as 
nanoplates has been reported as a solution-based method for direct synthesis of the chalcostibite 
phase.
113,120,121
  To focus on properties of CuSbS2 for solar cell applications, colloidal synthesis of 
chalcostibite nanoplates and their fabrication into mesoporous films was investigated further.  
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Figure 6-3 SEM micrographs of dropcast CuSbS2 nanoplates  synthesized for (a)10 minutes and (b) 30 minutes. (c) 
XRD pattern of the same samples as in (a) and (b). (d) Absorption spectrum of a CuSbS2 nanoplate film measured by 
diffuse reflectance. Tauc plot in inset estimates the bandgap as 1.58 eV. 
CuSbS2 nanoplates were synthesized via colloidal hot-injection as reported by Ramasamay and 
coworkers.
113
  Figure 6-3a and 3b show SEM micrographs of dropcast nanoplates on glass substrates 
synthesized for 10 and 30 minutes. The nanoplates synthesized with 30 minute reaction time were had 
average characteristic lengths of 400 nm by 500 nm with a thickness of 50 nm as measured by SEM. 
Nanoplates synthesized with 10 minute reaction time had sizes that were distributed over a large range. 
However, they were generally smaller than those synthesized for 30 minutes. XRD of the dropcast film, 
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Figure 3c, confirmed the crystal phase to be almost purely chalcostibite phase with a small amount of 
digenite impurity phase. The amount of this impurity phase increased when reaction time was below 10 
minutes as reported by Ramasamy.
113
  Tauc plots generated by Kubelka-Munk transformations of the 
diffuse reflectance data estimate a direct band gap at 1.58 eV which is comparable to other reports in the 
literature for CuSbS2.
109,112
  Although drop casting was utilized due to its simplicity, it did not yield films of 
uniform thicknesses, which is necessary for other optical and electrical characterization techniques.  
Films with electronic coupling between nanocrystals and uniform thickness are required required 
for optoelectronic device application. Although long chain hydrocarbon ligands give good control over 
nanocrystal growth, they have been reported to suppress intercrystal charge transport and are undesirable 
for solar cell applications.
122,123
  Typically, ligand exchange strategies are employed to enhance charge 
transport or lifetime depending on the end application.
124–126
  In general, there are two types of ligand 
exchange procedures: either solution exchange and solid-state exchange. Solution exchange involves 
desorption of the native ligand and then attachment of the new ligand to create a nanocrystal system that is 
dispersed in appropriate solvent for the new ligand.
127
  Solid-state exchange replaces native ligands with the 
new species while the nanocrystals remain as a film and are not dispersed back into solution.
126,128
  In this 
work, both exchange methods were investigated. As shown in Figure 6-4, solid-state exchange allowed for 
fabrication of films on nonconductive substrates and will be discussed first in relation to resulting 
conductivity of nanocrystal films. Solid-state ligand exchange was performed after film fabrication by spin-
casting of Na2S in methanol followed by successive cleaning steps with methanol and chloroform.  
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Figure 6-4 Processing routes for fabrication of mesoporous films from dispersions of oleylamine capped CuSbS2 
nanoplates. 
 The CuSbS2 nanoplates are synthesized with oleylamine capping agents that are exchanged via 
solution or solid state methods. Choice of exchange method enables two different fabrication routes shown 
in Figure 6-4. Fabrication route I utilized convective assembly, spin-casting, or drop casting. After film 
fabrication, the films were exchanged via solid-state ligand exchange that will be discussed later. 
Convective assembly and spin-casting provided facile routes to fabrication of uniform thickness films for 
further characterization. However, these techniques are slow or wasteful and not scalable. Electrophoretic 
deposition (EPD) is a scalable and potentially less wasteful method for deposition of colloidal materials 
into films. However, EPD relies on the electrophoretically mobile colloids for fabrication of films. As-
synthesized nanoplates with oleylamine ligand required large voltages of 250 V and did not deposit films 
on the entire electrode. It is desirable to avoid high voltages to reduce risk of damage to the semiconductor 
nanocrystals. Exchanging the oleylamine ligand with S
2-
 in solution created dispersions of CuSbS2 with 
significantly higher electrophoretic mobility that were deposited by EPD at only 5V on ITO substrates. 
Additionally, EPD processing presented the unique ability to selectively deposit the chalcostibite phase 
  
85 
without the digenite phase, presumably due to differences in surface charge and electrophoretic mobility as 
reported by Bass et al.
129
   
6.3.2. Mesoporous Film Fabrication Route I – Solid-State Ligand Exchange  
 
 
Figure 6-5 (a) Cross-sectional SEM and (b) top-down SEM of CuSbS2 nanoplate films formed by convective assembly 
on a glass substrate. 
 Dispersions of CuSbS2 nanoplates in chloroform were fabricated into mesoporous films by 
convective assembly. Convective assembly is a technique for deposition of films from colloidal 
dispersions. A substrate is immersed in a colloidal dispersion while the solvent is allowed to evaporate. As 
the solvent evaporates, a difference in pressure forces particles toward the air-liquid contact line where they 
are deposited as a film. An angle of 30 degrees was found to be optimal for uniform coating of substrates 
with CuSbS2 platelets. The nanoplates were not observed to pack into an ordered array as with other 
colloidal systems. Presumably this is due to the rectangular shape of the CuSbS2 nanoplates as compared to 
the hexagonal zeolite crystals
130
 or polystyrene spheres
131,132
 that are commonly seen to pack into FCC 
arrays. Concentrations of 0.4 mg/mL deposited at 23 °C resulted in uniform films of approximately 10 µm 
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thickness over an 8 cm
2
 area. A 10 µm thickness is much larger than required for efficient light harvesting 
and likely to be too thick for efficient charge collection in solar cell applications.
108
  Elevating the bath 
temperature to 40 °C decreased film thickness to 2.8 µm and more densely packed nanoplatelets, shown in 
Figure D-2. Convective assembly provided a simple method for fabricating mesoporous films of uniform 
thickness from colloidal dispersions of CuSbS2 for further characterization. Spin-casting from chloroform 
of highly concentrated dispersions of 44 mg/mL gave uniform thickness. However, spin-casting was found 
to be more wasteful per area of deposited film and thus was less desirable than convective assembly. Drop 
casting was done by dropping the dispersion of nanoplates in chloroform onto the substrate from a pipette 
to completely wet the surface. After the solvent evaporated at room temperature, additional layers were 
dropped onto the surface to reach desired thickness. Dropcasting was used for fast deposition of nanoplates 
from dispersion for characterization that did not require uniform thickness, such as XRD or SEM.  
 
 
Figure 6-6 Figure 5 (a) FTIR spectrum of as-synthesized and ligand exchanged films of CuSbS2 nanoplates on quartz 
substrates. (b)  SEM of solid-state exchanged films of CuSbS2 nanoplates. 
  
87 
Solid-state ligand exchange of oleylamine with S
2-
 was applied to increase the electronic coupling 
of nanoplate films. FTIR was used to measure efficacy of solid-state ligand exchange efficacy by 
monitoring the C-H stretching features at 2850, 2920, and 2960 cm
-1
 that come from the oleylamine ligand, 
as shown in Figure 6-6a. Ligand exchange is a two-step process that depends upon removal of one species 
followed by binding of the replacement.
126
  This two part process requires that both ligand species are 
soluble in the ligand exchange solution. We used methanol rather than formamide because it is able to 
partially solvate both the oleylamine and sulfide species. FTIR of the sample subjected to exchange with 
Na2S in methanol reveals a reduction in the C-H stretching features present in the as-grown nanoplate 
sample indicating 83% removal of the oleylamine ligands. The nanocrystals appeared to fuse together after 
ligand exchange, Figure 6-6b, a phenomenon that has also been reported for perovskite nanocrystals.
133
 
Because of the large size of the nanoplates, solid state ligand exchange did not result in cracking due to 
reduction in crystal volume as observed in other nanocrystal systems.
128
 XRD of the films confirmed 
retained phase purity.   
 The atomic S
2- 
ligand presented less resistive pathways for intercrystal charge transfer than the 
insulating oleylamine. The conductivity of CuSbS2 films fabricated via convective assembly was measured 
using a four-point probe technique. A two order of magnitude increase in conductivity was measured with 
ligand exchange from oleylamine (10
-4
 S/cm) to S
2-
 (10
-2
 S/cm). A two order of magnitude increase in 
conductivity indicates that intercrystal contact resistance is quite significant for charge transport through 
the mesoporous film despite the large 400 nm grain size. As evidenced by the measurable four point probe 
conductivity, charge transport is still possible even with the native oleylamine ligand, indicating that even 
films with as-synthesized nanocrystals have some pathways for direct intercrystal charge transfer 
presumably due to incomplete coverage of the nanoplates with the synthesis ligand. These values are 
comparable to reported conductivities of 10
-3
 to 10
-2
 for phase pure CuSbS2 deposited by co-sputtering of 
Sb2S3/Cu2S by the Zakutayev group.
109
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6.3.3. Mesoporous Film Fabrication Route II – Solution Ligand Exchange and Electrophoretic 
Deposition 
Ligand exchange in solution allows for direct fabrication of mesoporous films that are capped with 
S
2-
. Exchange of oleylamine with S
2-
 was done in solution to obtain dispersions of nanoplates that were 
electrostatically stabilized with larger electrophoretic mobility. The dispersion of as-synthesized nanoplates 
in hexanes was mixed with equal volume of 21 mg/mL Na2S in formamide. After sufficient mixing the 
dispersion was allowed to phase separate and the nanoplates were dispersed in the polar formamide solvent 
allowing for draw off of the non-polar hexanes. S
2-
 capped CuSbS2 nanoplates exhibited increased stability 
in solution (5 days) compared to as-synthesized nanoplates in chloroform (2 days) or in hexanes (~4 hours). 
Convective assembly and spin-casting could not be used to fabricate films from these dispersions due to the 
low vapor pressure of formamide. 
Electrophoretic deposition (EPD) is a well-studied method for deposition of charged particles into 
films via electrophoresis in an applied electric field applied between two electrodes. EPD is an inexpensive 
and scalable method that has many industrial applications.
134–136
 Application of EPD to nanocrystal 
dispersions has been studied both in batch
137,138
 and continuous reactors
139
 for deposition of dense films. 
EPD offers the benefit of reduced deposition time and reduced waste compared to convective assembly and 
spin-casting because nanocrystals not deposited remain in dispersion for re-use. Exploiting differences in 
electrophoretic mobilities of various phases has also been used as a purification technique for nanocrystal 
dispersions.
129
  It is desirable to control film thickness while maintaining control over phase purity. 
However, nanoplate synthesis times below 10 minutes introduce large amounts of Cu1.8S phase 
impurities.
113
 In this work we look to exploit differences in the mobilities of nanocrystals of different 
phases to deposit phase pure films from a mixture of phases in dispersion.  
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Figure 6-7 (a) Cross-sectional SEM micrograph of mesoporous film of as-synthesized CuSbS2 deposited by EPD at 
250 V (b) Top-down view of the same film as in (a) 
EPD was used to deposit mesoporous films of CuSbS2 nanoplates synthesized with a 10 minute 
reaction time, on ITO substrates. SEM micrographs are shown in Figure 6-7. As-synthesized nanoplates 
capped with oleylamine required large voltages (250 V) due to low electrophoretic mobilities. The resulting 
films consisted of a mixture of highly packed regions and sparse void spaces. A combination of both the 
chalcostibite  (large platelets) and digenite (smaller crystals) phases can be observed by SEM, Figure 6-7b. 
The large driving force provided by 250 V is presumably enough to induce a significant electrophoretic 
velocity in both the CuSbS2 and Cu1.8S phases and deposit them onto the positive electrode. S
2-
 capped 
CuSbS2 nanoplates have a larger surface charge and higher electrophoretic mobility that can be exploited to 
selectively deposit CuSbS2 over Cu1.8S. 
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Figure 6-8 (a) Cross-sectional SEM and (b) top-down SEM of EPD films of solution exchanged CuSbS2 nanoplates 
synthesized with a reaction time of 10 minutes (c) XRD of the same film as in (a) and a film fabricated by convective 
assembly from the same synthesis batch as used in (a). 
Solution exchange provided dispersions of S
2-
 capped CuSbS2 nanoplates that exhibited 
significantly higher electrophoretic mobility than as-synthesized nanoplates. The S
2-
 capped nanoplates 
deposited on the positive  ITO electrode with a 5 V applied voltage and 20 minute reaction time. The 
required voltage is 50 times less than the required 250 V for deposition of oleylamine capped CuSbS2 
nanoplates. A large decrease in the necessary voltage implies a much higher electrophoretic mobility for 
the S
2-
 capped nanoplates.  
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EPD selectively deposited S
2-
 capped CuSbS2 from mixture of phases in solution. The films, 
shown in Figure 6-8a and 6-8b, contain CuSbS2 without the Cu1.8S impurities that are present in the EPD 
films of oleylamine capped nanoplates. For comparison, convective assembly films from the same batch 
have the Cu1.8S impurity in the inset of Figure 6-8b. XRD of the EPD films and the convective assembly 
films from the same synthesis batch also confirm the absence and presence of the Cu1.8S phase respectively, 
Figure 6-8c. A metallic looking substance deposited on the negative electrode. 
 The morphology of EPD films was investigated using SEM, shown in Figure 6-7 and Figure 6-8. 
The films deposited from as-synthesized ligands had large voids that appeared to go throughout the 
thickness. In comparison, the films from S
2-
 capped nanocrystals had smaller pores but they also went 
through the thickness of the film. Presumably, this is from the separation of Cu1.8 S which may have been 
deposited in some form on the negative electrode. It is unlikely that this was caused due to damage of 
applied voltage as it was not observed for the films fabricated from as-synthesized nanocrystals which were 
deposited at 250 V. 
6.3.4. Carrier Lifetimes in CuSbS2 Nanoplates 
 Photoexcited carrier lifetime and mobility determine the carrier diffusion length, which is a key 
parameter in solar cell design. Additionally, carrier lifetime is a sensitive indicator of film quality that has 
been directly correlated to open circuit voltage in CdTe and CIGS devices.
140,141
 Few reports of mobility 
and lifetime exist in the literature for high-quality CuSbS2 films. The current state of the art for depositing 
films of CuSbS2 utilizes electrodeposition of Cu and Sb metals followed by sulfurization, resulting in solar 
cells that are 3.1% efficient
108
, or co-sputtering of Sb2S3 and Cu2S resulting in 1.02% efficient cells.
109,110
 
Septina et al report losses in the external quantum efficiencies of their solar cells that may be due to a small 
minority carrier diffusion length. Welch et al report that the carrier concentration and conductivity for films 
of CuSbS2 grown by sputtering vary by 2-4 orders of magnitude from sample to sample because of 
impurities during the sputtering growth of their films. As processing temperature and sputtering power 
increase they measure carrier concentrations on the order of 10
16
 cm
-3
 and mobilities of 0.2 cm
2
/Vs, which 
are comparable to CIGS values.
109
  During the preparation of this manuscript, the same group published a 
study that examines the carrier lifetimes in the sputtered films with ultrafast terahertz spectroscopy.
110
  
Electrodeposition and co-sputtering are non-equilibrium processes that can are prone to defects which can 
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limit carrier lifetime and diffusion length in solar cells. Measurement of intracrystal carrier lifetimes may 
provide a best case scenario to guide the research community on decisions of pursuing CuSbS2 as a solar 
cell absorber material. 
Ultrafast terahertz (THz) spectroscopy is a pump probe technique that measures the decay of 
photoexcited carriers using a terahertz probe delayed relative to an ultrafast visible light pump. THz 
radiation is absorbed by mobile carriers, so it a direct non-contact probe of electrical conductivity. The 
measurement records the transmitted electric field of a terahertz probe through a sample with and without 
prior photoexcitation.  A reference THz pulse, Eref, is first passed through the sample with no prior pump, 
to measure intrinsic conductivity.  A visible light pump pulse then photoexcited the sample which is then 
probed with a second THz pulse (Eprobe) after some time (td).  The second THz probe is attenuated by 
photoexcited carriers and the difference between Eprobe and Eref gives -E (td). The measured -E is 
related to the photoconductivity (   , carrier concentration (n), and mobility  , by the following 
expression
  
    
        . THz spectroscopy provides a local measurement of photoconductivity, 
mobility, and lifetime making it an ideal technique for characterizing these properties in the mesoporous 
films of CuSbS2. 
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Figure 6-9 (a) Normalized TRTS photoconductivity for (as-synthesized mesoporous films of S2- capped) CuSbS2 
nanoplates deposited by spin-casting on quartz and dispersions of oleylamine capped CuSbS2 in hexanes. (b) Longer 
time-dependence of the dispersions of as-synthesized CuSbS2 in hexanes shown in (a) with a tri-exponential model 
shown as the thicker line. 
 
 
The diffusion length is a key parameter for carrier collection that depends on both the mobility and 
lifetime by    √       where   is the mobility,   is the lifetime, k is Boltzmann’s constant, T is the 
temperature, and q is the elementary charge. The mobility and carrier lifetime are related to the E 
measured by ultrafast THz spectroscopy. Ultrafast THz spectroscopy was used to measure the transient 
photoconductivity of CuSbS2 nanoplates in films fabricated by convective assembly with oleylamine and 
S
2-
 ligands as well as dispersions of as-synthesized nanoplates in hexanes, shown in Figure 8d.  
Unfortunately, EPD films could not be tested due to THz absorption by the conductive ITO substrate.  The 
films were pumped with a wavelength of 700 nm and pulse energy of 95 μJ/cm2.  Dynamics were found to 
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be independent of pump wavelength and pump power. The photoconductivity initially decays by 70% 
quickly over tens of ps then decays slowly and remains non-zero even after 1.4 ns. 
The decay in the photoconductivity was fit to a tri-exponential model with time constants of 6, 34, 
and 1360 ps. If we assume constant carrier mobility throughout the measurement, the decay in 
photoconductivity is equal to the decay of photoexcited carriers. Three separate processes contribute to the 
decay of photoexcited carriers within the nanoplates as observed by others for co-sputtered films of 
CuSbS2.
110
 The fast time constants, 6 and 34 ps may be caused by trapping of photoexcited carriers.  The 
power-independence of the dynamics indicated that Auger recombination was not significant.  The longer 
time dynamics show that 5-10% of carriers have lifetimes on the order of nanoseconds. Because our 
physical delay line is limited to 1.4 ns, so we cannot accurately quantify lifetimes greater than 1 ns.  
Nevertheless, the third time constant is evidence of photoexcited carrier lifetime at least twice that of co-
sputter films (0.7 ns).
110
  From the THz data measured in hexanes, a mobility of 3.4 cm
2
 V/s was calculated.  
This is in between the 2.5 cm
2
 V/s and 4.1 cm
2
 V/s mobilities measured by the Zakutayev group for as-
grown and annealed CuSbS2 films respectively. A diffusion length of 110 nm is calculated based on the 1.4 
ns lifetime and 3.4 cm
2
 V/s mobility we measured.  This is slightly larger than the 86 nm diffusion length 
calculated with the Zakutayev group’s numbers.  These diffusion lengths are quite small compared to the 1-
2 µm thick CuSbS2 absorber layers used in reported solar cells.
108,110
 Based on the reported absorption 
coefficient
110
 for CuSbS2 a thickness of 250-90 nm will absorb 63% of incident light from 1.4 eV – 3.0 eV.  
Optimizing the absorber layer thickness to closely match the diffusion length and absorption depth of light 
may increase cell performance. 
Typically films of nanocrystals or quantum dots have carrier lifetimes and mobilities that are 
strongly dependent on ligand choice. The time-dependence of the oleylamine capped dispersion and the S
2-
 
capped film are indistinguishable, which shows that the lifetime measured here is not sensitive to the 
nanoplate surface. In addition, dispersions of nanoplates capped with oleylamine should provide true 
intracrystal lifetimes because there is no chance for intercrystal charge transfer. The long carrier lifetimes 
of individual crystalline nanoplates represent an upper limit, showing potential for further study of CuSbS2 
films and nanocrystals as an absorber material for solar cells.  
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6.4. Conclusion 
 Solution processing of CuSbS2 via CBD and colloidal hot-injection methods were investigated for 
solar cell applications. CBD of binary CuS/Sb2S3 stacks followed by thermal annealing in N2 produced 
CuSbS2 films. Similar to reports on CZTS nanocrystal systems, annealing led to nucleation and growth of 
large crystals at the expense of the floor layer.
118
  Simultaneous control over the morphology and phase 
purity was difficult due to the volatility of S and Sb2S3 components.  
 Two fabrication routes of mesoporous films of S
2-
 capped CuSbS2 nanoplates from dispersions of 
oleylamine capped nanoplates were investigated. The first approach was to deposit films from sterically 
stabilized dispersions of oleylamine capped CuSbS2 in non-polar solvents chloroform or hexanes. 
Convective assembly (CA) gave uniform thickness films that were used for optical and electrical 
characterization in solar cell applications. Solid-state exchange of the oleylamine with S
2-
 increased the 
four-point probe conductivity of the CA films by 2 orders of magnitude. Electrophoretic deposition (EPD)  
is a scalable, economic, approach for fabrication of films from dispersions of CuSbS2 nanoplates. Solution 
exchange of the native oleylamine ligand with S
2-
 increased the electrophoretic mobility allowing for EPD 
at only 5 V which is 50 times less than required with the synthesis ligand. In addition, EPD from S
2-
 capped 
dispersions selectively deposited the chalcostibite phase from a mixture of phases in dispersion. This report 
details different methods for fabrication of mesoporous films capped with inorganic ligands from 
dispersions of as-synthesized nanocrystals with insulating organic ligands. 
 Characterization of the mesoporous films indicate promise for CuSbS2 as a thin film solar cell 
material. The lifetime of photoexcited carriers is a critical parameter for solar cell efficiency. Ultrafast THz 
spectroscopy measured lifetimes of ~1.4 ns within CuSbS2 nanoplates which is twice that measured for 
films fabricated by co-sputtering of Cu2S and Sb2S3. These are the longest lifetimes for CuSbS2 reported so 
far, indicating promise for improvement in device efficiency.  
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Chapter 7. Conclusions and Future Outlook 
7.1.1. ETA Cells 
ETA solar cells use a nanostructured scaffold to orthogonalize the processes of light absorption 
and charge separation.  Decoupling these processes allows for higher efficiency than possible with a planar 
geometry when absorbers have low carrier lifetimes or mobilities.  Thus, ETA cells allow for solution 
processed materials that traditionally cannot be used in a planar geometry due to their "low quality." 
However, the large interfacial areas also increase dark current which negatively affects the solar cell 
efficiency. Interfacial engineering can be applied to mitigate the negative effect of the large interfacial area 
while retaining the benefit from decoupling of charge separation and light absorption.  An ETA cell relies 
on charge separation followed by charge transport to convert incident photons into collected electricity.  
Charge separation requires injection of photogenerated carriers in the absorber layer into their transport 
layers before bulk recombination.  After charge separation, transport of the photoexcited carriers must 
occur faster than interfacial recombination for efficient charge collection.  In this work we investigated the 
ETA cell geometry and interfacial engineering, charge separation, and charge transport.  Our studies 
provide a cell design framework from a fundamental perspective that will be beneficial to future studies on 
semiconductor-sensitized nanostructured solar cells.  
ETA cell device engineering provided a methodical approach for optimization of the absorber 
thickness and interfacial engineering for improvement in cell performance.  The optimum thickness of an 
absorber layer in an ETA cell is closely matched with the collection length of the limiting carrier.  In 
Chapter 3 it was shown that holes limited charge carrier collection in CdSe deposited by electrodeposition.  
The internal quantum efficiency was then used to determine the collection length to be ~50 nm.  
Application of a CdS passivation layer to the ZnO/CdSe interface increased ETA cell efficiency to 
outperform planar CdSe cells.  This exemplified the importance of interfaces in semiconductor-sensitized 
nanostructured solar cells. 
Efficient charge separation requires transfer of photoexcited charge carriers from the absorber 
layer to their respective transport materials to occur faster than bulk recombination.  In Chapter 4, ultrafast 
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transient absorption (TA) spectroscopy proved to be a useful technique for measuring these processes in 
ETA cells. The carrier dynamics in electrodeposited CdSe were highly dependent on power and this study 
highlights the importance of careful pump fluence selection.  A model from the literature
71
 guided selection 
of pump power that allowed measurement of recombination processes relevant to solar cell operation. In 
the CdSe-coated ZnO nanowire ETA cells studied in this thesis, electron injection (1 ps) occurred much 
faster than bulk recombination (2 ns).  This study provides an approach that can be applied to other 
semiconductor-sensitized nanostructured solar cells for measurement of charge separation.  
The influence of the depletion width on charge transport and interfacial recombination in 
semiconductor-sensitized nanowire solar cells was studied in Chapter 5. Transient 
photovoltage/photocurrent decay and electrochemical impedance spectroscopy measured charge transport 
and interfacial recombination in CdS(Se)-coated ZnO nanowire solar cells. Extension of the depletion 
region from the CdSe absorber layer into the ZnO nanowire transport layer suppressed recombination at the 
ZnO/CdS(Se) interface.  However, depletion of the ZnO nanowire also restricted electron transport to a 
smaller effective core that slowed transport.  Thus, the depletion width should be optimized in 
semiconductor-sensitized nanowire solar cells to suppress interfacial recombination without introduction of 
a significant impediment to charge transport. Due to the dependence of charge transport and interfacial 
recombination on depletion width in ETA cells, charge collection should be assessed over a range of 
potentials from short circuit to open circuit.  This is an important distinction from dye-sensitized solar cells 
where the molecular absorber does not contain a depletion region and carrier collection is generally 
assessed through measurement of transport at short circuit and lifetime at open circuit. 
 The ETA design allows for processing techniques and materials that could not be used in a 
traditional planar geometry. The studies presented on ETA cells in this thesis provide researchers with 
methodologies for optimizing cell design and material choice to improve performance.  Design of an ETA 
cell should begin with a fundamental study of the absorber material to measure the mobility and carrier 
lifetime.  If the mobility and carrier lifetime give a diffusion length that is smaller than the absorption depth 
(1/α) then the absorber will benefit from an ETA cell structure.  After selection of an appropriate absorber, 
the optimal thickness and depletion width should be measured.  The nanostructured scaffold then needs to 
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be designed to allow for penetration of the depletion region and incorporation of the optimal thickness 
while minimizing interfacial area and hence dark current.   
7.1.2. Solution processing of CuSbS2 for solar cells 
Solution processing of CuSbS2 was investigated via CBD and colloidal hot-injection methods.  
Annealing of the CuS/Sb2S3 binary stacks into CuSbS2 presented difficulties in simultaneous control over 
phase and morphology. Colloidal hot-injection at 220 °C for 30 minutes was used to synthesize phase pure 
CuSbS2 nanoplates that were capped with oleylamine ligands. Oleylamine gives good control over 
nanocrystal synthesis but impedes intercrystal charge transfer. Optoelectronic devices require exchange of 
the insulating synthesis ligand with shorter more conductive species to allow electronic coupling of 
nanocrystals in films.  
Two fabrication routes for S
2-
 capped mesoporous films of CuSbS2 nanoplates from the as-
synthesized oleylamine capped dispersions were reported.  Fabrication route I deposited the nanoplates via 
convective assembly or spin-casting and then used a solid-state ligand exchange.  The S
2-
 capped films had 
a two order of magnitude increase in 4-point-probe conductivity compared to the as-synthesized films. The 
large increase in conductivity highlights the importance of the interfaces for charge transport in these 
mesoporous films despite the relatively large (400 nm) grain size.  Fabrication route II used solution phase 
ligand exchange and then electrophoretic deposition (EPD) to deposit mesoporous films on conductive 
substrates. Fabrication route I provides a useful way for depositing uniform thickness films of colloidal 
nanoplates for solar cell characterization.  However, convective assembly and spin-casting are slow or 
wasteful.  EPD provides a scalable, efficient deposition route that can also be used to deposit phase pure 
films from a mixture of phases in solution.  The 1.4 ns carrier lifetimes measured in this work are double 
that reported for co-sputtered films of CuSbS2.
105
  
The state of the art for CuSbS2 is 3.1%
108
 for sulfurized stacks of electrodeposited Cu/Sb and 
1.02%
109,110
 for co-sputtered films.  Septina et al report that their cells are likely limited by minority carrier 
diffusion.  The Zakutayev group reports improvements in EQE with thermal treatment due to 
improvements in carrier lifetime.
110
  The long carrier lifetimes reported in this work indicate potential 
improvement in CuSbS2 device performance.  Currently, CdS is used as a buffer layer in CuSbS2 cells 
although the conduction band offset is large and leads to significant recombination and a lowered 
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Voc.
108,110
  Application of a better suited buffer layer is likely to lead to improvement in device efficiency. 
We conclude that CuSbS2 is a promising material that should be further pursued for solar cell applications. 
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Appendix A. Supporting Information for Chapter 3 
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Figure A-1 Cross-sectional SEM images of CdSe-coated ZnO nanowires (a) without and (b) with CdS. CdS interlayer 
helps the nucleation and avoids discontinuity of CdSe coating. Both substrates were coated with the same amount of 
charge density for CdSe. Scale bar applied to both images. 
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Figure A-2 (a) XRD pattern of a 40 nm ZnO seed film before and after immersion in CdSe electrodeposition bath for 
20 s. The typical ZnO seed film used in ETA cell is 40 nm. XRD pattern shows that the intensity of ZnO (0002) peak is 
reduced as a result of etching after exposure to the bath even without biasing. (b) XRD pattern of a 120 nm ZnO seed 
film before and after CdSe electrodeposition. Electrodeposition was stopped at charge density of 1.6 mC/cm2, which is 
at the early stage of CdSe nucleation without formation of continuous film. XRD pattern indicate that seed layer is 
dissolved during electrodeposition. (c) XRD pattern of ZnO nanowire array before and after immersion in the CdSe 
electrodeposition bath for 45 minutes without biasing. Complete disappearance of ZnO (0002) peak and the substrate 
pictures before and after immersion in the inset shows that the entire ZnO nanowire array and seed layer are dissolved. 
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Appendix B. Supporting Information for Chapter 4 
 
 
Figure B-1 TA spectra of bare ZnO nanowires at various time delays from 0.03 to 30 ps. Samples consist of ZnO 
nanowires that were 50 nm in diameter and 500 nm long. Samples were pumped at 325 nm with pulse energy of 400 μJ 
cm-2. 
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Figure B-2 (a) Short time and (b) long time dynamics of the CdSe-coated ZnO nanowires, without CdS, in Figure 4b 
probed at the CdSe band edge (blue) and at the ZnO band edge (black). Samples were pumped at 450 nm with pulse 
energy of 710 μJ cm-2. The dynamics of a planar 150 nm CdSe film pumped with a pulse energy of 570 μJ cm-2 and 
probed at the CdSe band edge are shown in red. 
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Appendix C. Supporting Information for Chapter 5 
 
 
Figure C-1 Representative SEM micrographs of (a) cross-section and (b) top down views of an ETA photoanode 
comprised of 1000 nm long ZnO nanowires with 50 nm diameter coated with 5 nm of CdS and 30 nm of CdSe absorber 
layer. (c) Bare ZnO nanowires that are 1000 nm long with an average diameter of 50 nm. 
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 SEM was used to relate CdS-CdSe shell thickness to charge passed during CdSe 
electrodeposition. 161 mC cm
-2
 of charge density was observed to give CdSe-CdS-coated ZnO nanowires 
with a diameter of ~120 nm, Figure C-1(a) and (b). Bare ZnO nanowires were measured to have a diameter 
of 50 nm, Figure S2 (c). The CdS-coated ZnO nanowire was assumed to have a diameter of 60 nm based on 
a thickness measurement of 5 nm for our CdS by TEM shown in Chapter 3, Figure 3-6. The difference in 
volume for micron-long cylinders of diameter 120 nm and 60 nm was used to calculate a deposition rate of 
CdSe of 52,700 nm3/(mC cm-2). This value was then used to determine the expected shell thickness for 
smaller charge densities where small thicknesses are more difficult to measure accurately. SEM images of 
nanowires with smaller coating thicknesses were checked for consistency with the calculated coating 
thickness. 
 
 
Figure C-2 Photovoltage vs. CdSe shell thickness for ETA photoanodes fabricated with CdSe-coated ZnO nanowires 
that were 500 nm in length and 50 nm in diameter. Square markers are the average among 3 samples and the error bars 
represent the standard deviation of the samples. The photovoltage is defined as the voltage at 0 current in the JV 
characteristic subtracted from the redox potential of the polysulfide electrolyte (-.680 V vs. Ag/AgCl).  
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Figure C-3 Mott-Schottky plot for a 150 nm CdSe film on FTO. Mott-Schottky analysis was performed in the dark for 
CdSe films deposited on FTO substrates in a three electrode setup with a saturated Ag/AgCl reference electrode, Pt-
wire counter electrode, and CdSe photoanode working electrode. A frequency dependence was found and a 5 kHz 
frequency was chosen because it gave a flat band potential consistent with CdSe films in the literature.94 
 
Figure C-4 Electron transport times plotted against CdSe thickness as measured by TPC at short circuit for CdSe-
coated ZnO nanowires 1000 nm in length and ~50 nm diameter. Error bars are the standard deviation taken from three 
samples at each thickness, the markers are the average transport time between the three samples. 
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Figure C-5 Nyquist plots for (a) 10 nm (b) 17 nm (c) 30 nm and (d) 40 nm CdSe coatings on 500 nm long ZnO 
nanowires with a 5 nm CdS buffer layer at potentials from -680 to -1220 mV vs. Ag/AgCl. 
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Figure C-6 Charge transfer time constants measured by EIS by using the frequency corresponding to the maximum 
imaginary impedance at open-circuit for ETA photoanodes comprised of 500 nm (black) and 1000 nm (red) ZnO 
nanowires coated with 5 nm CdS buffer layer and varying thickness CdSe absorber layer. Error bars are the standard 
deviation taken from three samples at each thickness, markers are the average of the three samples 
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Appendix D. Supporting Information for Chapter 6 
 
 
Figure D-1 Cross-sectional micrograph of CuS/Sb2S3 stacks deposited by sequential CBD (a) as-grown (b) After 
annealing with a 200 °C diffusion step for 2 hours followed by a 300 °C crystallization step for 30 minutes. 
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Figure D-2 (a) Cross-sectional SEM micrograph of mesoporous films deposited by convective assembly of CuSbS2 
nanoplates at 40 C (b) Top-down view of the same film as in (a) 
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